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Synthetic chemists are often interested in how biomolecules assemble and interact with 
one another non-covalently. From the initial inspirations from these natural 
biomacromolecules, many functional mimics resulting from supramolcular architecture 
had been synthesized and had realized several applications in various diverse fields. 
Using the foldamer chemistry approach, this thesis aims to design and synthesize a new 
class of pyridine-based backbone-ridigified aromatic foldamers (a) that mimic aquaporin 
structurally and functionally with potential applications in the field of water purification 
and desalination, (b) that serve as amine and ammonium receptors that may find 
important uses in environment and industrial monitoring for the rapid detection and 
classification of amines and ammonium ions, and (c) that allows the chiral crystallization 











1.1 Background   
 Our biological systems have many naturally occuring tetramers or pentamers. And it is 
interesting to note that most of these biological macromolecules that play an important 
role in our system are in the tetrameric form. Some of the important biological tetramers 
include haemoglobin,1-3 water channel – aquaporin,4-8 various ion channels such as 
potassium channel,9-18 sodium channel,19-22 transient receptor potential vanilloid (TRPV – 
a group of channels that are selective towards magnesium ions and calcium ions over 
sodium ions),23-28 G-quadruplexes DNA structure,29-35 and just to name a few more 
proteins or enzymes which include soluble amyloid- peptide in tetrameric form which 
have shown biological activity towards Alzheimer’s disease,36-37 tumor suppressor p53,38 
L-Xylulose reductase39 and cytidine deaminase.40 On the other hand, most probably due 
to it larger size, which make the assembly and association of the pentameric 
macromolecules much more complicated, biological pentamer are not as common in the 
biological system as compare to the tetramer. Nevertheless, some known biological 
pentamers present in our system would include ligand-gated ion channels41-42 such as 
neuronal nicotinic acetylcholine receptors,43-45 plasma protein serum amyloid P 
component,46-48 serotonin 5-HT3 receptor49-51 and membrane protein phospholamban (an 
ATP driven Ca2+ pump’s inhibitor).52-55   
These biomolecules have been a source of inspiration for supramolecular chemists to 
design and synthesize novel supramolecular architectures that can serve either as a 
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structural or functional mimic of these major classes of biomacromolecules. On top of 
that, synthetic chemists are often interested in how these natural biological 
macromolecules assemble and interact with one another non-covalently. From these 
initial inspirations from biomolecules, many functional mimics resulting from 
supramolecular scaffolds had been synthesized and had realized several applications in 
various diverse fields such as in control drug release, molecular sensing, tissue 
engineering, biomedical uses and signaling.56-60 Supramolecules are particular useful in 
the construct of these artificial systems or mimics as the non-covalent associations 
between two or more simple chemical entities can lead to the formation of more complex, 
yet organized entities with diverse properties and functions. A special class of 
supramolecules is the foldamers.61-66 The backbones of the discrete chain of molecules or 
oligomers in foldamers are stabilized by non-covalent interactions such as hydrogen-
bonding, resulting in them being able to form different predefined secondary structures. 
The literature review below will discuss some of the supramolecular mimics of various 
biomolecules of interest that had reported in recent years.  
 
1.2 Literature Review 
1.2.1 Mimicking Aquaporins 
 Aquaporins are a group of specialized transmembrane proteins that forms hydrophobic 
pore system across the cell membrane.4-8 Four of these proteins, in the tetrameric form, 
form a water channel across the lipid bilayer allowing for the transportation of water 
molecules, in a 1D chain-like arrangement, across the membrane.67-69 Since majority of 
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the cell’s or tissues’s content are made up of water, a medium in which all the processes 
and chemical reactions occur, aquaporins thus play an important and critical role in 
regulating the water content of the cell, maintaining body-fluid balance, sustaining vital 
processes and ensuring proper body functions.4 Although aquaporins are of vital 
importances in biological systems, these protein systems are however very complex, thus 
making the understanding of these protein systems very time consuming and difficult. In 
this respect, by synthesizing artificial water channel that can mimic aquaporins to a 
certain extent of either functionality, structurality or both, we would be able to learn and 
understand more about these natural transmembrane channels. On top of that, these 
synthetic artificial water channels would have the potential to be applied in various 
related areas such as in water purification.  
 However, in this field of artificial water channels, pores and transporters, there have 
been little progress. Currently, there had only been a few different approaches to mimic 
aquaporin water channel, namely using foldamer approach,70-72 supramolecular 
approach,73-74 metal-organic framework approach,75-76 peptidic approach77 and using 
nanotubes approach.78-81 Majority of these water hosts have usually relied on 
conformationally more flexible organic or organometallic molecules whose well defined 
backbones are primarily stabilized by non-convalent forces such as π–π stacking 
interactions, solvophobic forces and H-bonds. Since aromatic macrocycles are (1) 
capable of arranging themselves into 1D columnar structures using these non-convalent 
forces and (2) their resultant cavities can also served as host for various types of guests 
such as for water molecules, these supramolecules had attracted significant attentions as 
building block for various types of application and one of them was to be used as 
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artificial aqua-channel. However, despite the many attempts to synthesize various types 
of supramolecules to mimic the biological macromolecule, many were shown to be only 
able to trap various size of cluster of water molecules within its cavity70-71,75,82-100 and 
failed to mimic aquaporin’s function of either transporting water molecules or enclosing a 
helical chain of water molecules within its macromolecule.  
 There had only been a few successful organic or organometallic based water hosts that 
had been shown to be able to host a one-dimensional (1D) helical chain of water 
molecules in its framework,101-106 like in the case of aquaporin. Although like water 
clusters, where there are strong hydrogen bonding networks between neighbouring water 
molecules and between the water molecules and the donor-acceptor groups associated 
with the organic or organometallics molecules, little is known of the structural constrains 
associated with stabilizing the 1D water chains.  
 
 The supramolecular self-assembly of organic molecule, 1,4,7,10-tetraazacyclododecane 
(1a), had been examined using X-ray crystallographyic study and the results showed that 
the organic molecules stacked on top of one another, forming a columnar structure. The 
strong H-bonding between water molecules and 1a led to the formation of an infinite 
chain of water molecules along the crystallographic c-axis.101 Due to the strong 
association with the organic molecules, the water chain found in the crystal actually 
consisted of individual cyclic water tetramer cluster that were being bridged by two water 
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molecules along the c-axis. X-ray crystallographic study on the crystal structures of the 
hydrates of 1-methylimidazole-4-carboxaldehyde (1b),102 4,4’-methylene-bis(2,5-
dimethylimidazole) (1c),102 and tris(5-acetyl-3-thienyl)methane (1d)103 also showed the 
formation of 1D helical water chains within its crystals. Beside using organic molecules 
to induce the formation of the water chain, organometallics molecules had also shown to 
be equally sucessful in forming these 1D water chains. Various inorganic complexes such 
as {[Ni(1,4,7-triazacyclononane)2]5[Cr(CN)6]3}ClO4,104 [Cu2L(O2CCH=CHC6H4-p-OH)] 
(L = N,N’-1,3-diyl-bis(saliclaldimino)propan-2-ol),105 chiral [Cu2(L-shis)2]•4H2O (H2shis 
= N-salicylidenylhistidine),106 had been synthesized and characterized to showed that it 
contained a 1D water chain within its crystal lattice.    
  In recent years, there had been an increasing amount of research in this field using 
carbon nanotubes (CNT) or analogues of CNTs as artificial channel to conduct water.78-81 
Water molecules had been shown to be able to form a highly ordered 1D water chain in 
the hydrophobic channel of the carbon nanotube and the water molecules can be 
conducted very efficiently through these nanotube.78-79 When the carbon nanotubes had 
pore sizes between 1.3 nm and 2 nm, it had been shown that it can conduct water much 
faster than those predicted from molecular dynamics (MD) simulations.80 It had also been 
demonstrated that protons can be also be conducted through the nanotubes via a 
Grotthuss mechanism, where the proton can hop from one water molecule to the next in 
the highly ordered 1D water chain, resulting in a protonic currents through the pores.81,107 
1D nanotubes can also be formed using organic supramolecules. It was demonstrated that 
1D nanotubes can be formed from the self-assembly of macrocyclic tetramer, of 2-
phenyl-1,3,4-oxadiazole, 1e, and these nanotubes can further bundled itself into a 
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molecular wire.73 The tetrameric arrangement of the macrocycle resembled the structural 
feature of aquaporin. In the crystal strucutre of 1e, a 1D chain of water molecules was 
found in the tubular cavity of the nanotube and the water chain was shielded from the 




 The nanoporous channel resulted from the organic hexahosts of 
trichlorophloroglucinol, Cl-PHG, and tribromophloroglucinol, Br-PHG (1f) had shown to 
accommodate an infinite 1D helical water chain.108 It was reported that the water helices 
surrounding the nano-channels had different handedness and it was as a resulted of the 
weak halogen-halogen interactions between the host molecules. In the respective crystal 
structures, it was determined that the six water helices encircling a rod of the Cl-PHG 
host molecule were found to be alternately right- and left-handed (LRLRLR; L = left, R = 
right) while their alignment were RRRLLL in the Br-PHG case, an unique observation 
among helical water chain.    
 A peptidic nanotube formed from the monohydrate of dipeptide tryptophylglycine (1g) 
was investigated and shown to enclose an infinite channel of water molecules.109 The 
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water molecules in the channel were found to be disordered at temperature of 295 K and 
120 K and displayed negative thermal expansion along the crystallographic c-axis 
temperature increased. A zwitterionic, helical nanotube formed from the reaction of N,N’-
diacetic acid imidazolium bromide with zinc had also shown to encapsulate water 
channel in its crystal structure.110 The diameter of the tube which was found to be 2.656 
Å was very similar in same size as compared to the narrowest part of aquaporin channel 
of 2.8 Å.   
 
1.2.2 Mimicking Ammonia / Ammonium Channels 
 The first reported X-ray crystal structure of an ammonia channel from the ammonia 
transporter (Amt) / methylammonium/ammonium permeases (MEP) / Rhesus (Rh) 
protein superfamily showed that ammonia channel consisted of three highly symmetric 
channel protein, displaying a three-fold symmetry.111 It was further demonstrated that the 
ammonia channel was selective only towards the uncharge ammonia and not towards the 
charge ammonium or any other biological relevance ions or any other neutral organic 
molecules larger than ammonia.  
 Ammonium recognition has been a problem in the field of molecular recognition for a 
long time. Not only is it difficult to design receptor that will only recognise ammonium 
ion, it also challenging for synthetic chemists to be able to duplicate the high selectivity 
towards ammonia and ammonium ions from Nature using simple organic or inorganic 
building block. The ability to differentiate between ammonia and ammonium ions is also 
important in the field of sensors, where the sensors are being used in environmental or 
clinical analyses. However, despite of it great significance and importance, there had 
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been little advances in this field in recent years. 
 
 
 The most effective ammonium receptor is a natural antibiotic agent, nonactin, where it 
will form hydrogen bond with ammonium through its four carbonyl oxygen atoms. While 
most receptor uses hydrogen bonding with for the molecular recognition, a new type of 
receptor designed and synthesized based on tris(pyrazol-1-ylmethyl)benzene (1h and 1i) 
utilized cation-pi interaction for the recognition.112 It had also been demonstrated that this 
novel type of receptor had shown a high selectivity towards ammonium as compared to 
other alkali metal ions. However, the selectivity between ammonia and ammonium ions 
was not demonstrated.     
 Another type of receptor designed by another group utilized tetramethoxy resorcinarene 
as its core, 1j and 1k. The hydroxy group available on the tetramethoxy resorcinarene had 
been joined together by crown bridge as a result 2 modes of binding were available for 
the interaction with ammonium guests – 1) cation–O interactions and 2) cation-pi 
interactions.113 The advantage of this receptor with ditopic binding modes was that the 
dual nature of the receptor can be tuned or altered by using different crown  




bridges and hence altering the cavity size for the guest to be fitted. Another commonly 
used scaffold that acts as host for ammonium guests would be the calixarenes. The cavity 
in the centre of the host would be large enough to accommodate the ammonium guest.114-
115 Similarly, the top and bottom of the calixarenes could be functinalized with other 
functionalized with other organic group to increase it selectively for the guests. However, 
in most of the cases, these supramolecules designed had only been able to demostrate 
selectivity for ammonium ions but had failed to demonstrate any selectivity between 
ammonia and ammonium ions. On top of that, reports using foldamers as host for such 
molecular recognition of ammonia or ammonium ions were very extremely rare.     
 
1.3 Aim of Study 
 In recent years, we had saw an increased in advances in the field of supramolecular 
chemistry. In the sub-field of foldamer chemistry, diverse aromatic foldamers 
demonstrating a wealth of functions derived from these folding backbones had been 
reported, however, those that are capable of recognizing functional groups as simple as 




The aims of this thesis are to  
(1) design and synthesize a new class of bioinspired backbone ridigified aromatic 
foldamer with repeating pyridine based building block that: 
(a) Mimics Aquaporin structurally and functionally to a certain extend and evaluate 
its potential application in the field of water purification and desalination and  
(b) Mimics ammonia and ammonium receptor functionally and evaluate its 
application in environment and industrial monitoring for the rapid detection and 
classification of amines and ammonium ions and 
(c) Allows chiral crystallization to occur without the use of any auxillary or external 
stimuli. 
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Computational Prediction and Experimental Verification of Pyridine-
Based Helical Oligoamides 
 
2.1 Introduction 
A highly effective means to restrict the conformational freedom of diverse folding 
backbones explores the uses of hydrogen bonding (H-bonding) forces of varying types. 
The robustness, predictability and directionality of H-bonds have allowed a reliable 
creation of diverse helically folded unnatural backbones.116-149  Compared to the H-
bonded helically folded aliphatic foldamers, H-bonded aromatic helical foldamers have 
remained much less studied and their backbone diversity has been mostly limited to the 
examples reported by Hamilton et al.,128-129 Lehn et al.,130-132 Gong et al.,133-137 
Zimmerman et al.,138 Huc et al.,139-142 Li et al.,143-146 and others.147-149 
 
Figure 2.1 a) Methoxybenzene-based pentamer 2a and hexamer 2b,150-151 b) pyridine-
derived oligoamides 2c–2e. 
We have recently reported a series of folding molecules with their repeating units 
(a)                                                (b) 
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represented by pentamer 2a and hexamer 2b (Figure 2.1a) and with their folded structures 
enforced by internally placed continuous H-bonding networks.150-154 Examining these 
folding molecules by both solid state and solution studies reveals an intrinsic unusual 
peculiarity requiring five identical repeating units to form either a macrocycle152-154 or a 
helical turn,150-151 which has been rarely observed before by others among unnatural 
foldamers. We postulated that by replacing the methoxy benzene units in 2a or 2b with 
the pyridine units the same peculiar requirement shall still remain in pyridine-containing 
aromatic foldamers such as 2c–2e (Figure 2.1b). More specifically, the internally H-
bonded pyridine oligomers 2c–2e containing no end groups (i.e., ester, nitro, etc) should 
adopt a planar conformation rather than a helical geometry provided that pyridine 
nitrogen atoms and amide protons are able to form stabilizing  intramolecular H-bonds to 
constrain the aromatic backbone. 
 
2.2 Results and Discussion 
2.2.1 Ab Initio Calculation 
Using density functional theory at the level of B3LYP/6-311+G(2d,p), our calculations 
on dimer 2f with different conformations and on dimers 2j–2l reveal 2f to be perfectly 
planar† and the most stable (Figure 2.2a). The high stability of 2f primarily derives from 
the two stabilizing cooperative intramolecular H-bonds worth of ~ 10.92-12.23 kcal/mol. 





Figure 2.2 a) Pyridine dimers used for ab initio computational modeling and b) their 
computationally optimized geometries at BYLYP/6-31G* level. Values in parenthesis 
shown in a) are the relative energy in kcal/mol computed at the level of BYLYP/6-



















the relative energies of 2g–2i with 2j–2l further increase the stability of 2f by ~ 4.81-5.42 
kcal/mol. 
Prompted by the high strength of intramolecular H-bonds in 2f, higher oligomers 2c-2e 
were subjected to the theoretical scrutinies at the B3LYP/6-31G* level (Figure 2.2b). 
While trimer 2c and tetramer 2d both are crescent-shaped as expected, pentamer 2e 
surprisingly takes up a helical structure. A closer look into 2c–2e shows that each 
pyridine-based repeating unit corresponds to a 84˚ turn in the helix, and therefore, rather 
than five residues per helical turn as in 2a and 2b,150-151 only 4.3 residues are required to 
furnish a helical turn. 
 
 
2.2.2 Synthesis of Oligoamides 
 We were perplexed by this seemingly contradictory finding and intrigued to find out if 
this can be experimentally verified or not. For this purpose, pyridine oligoamides from 
dimer 2 to pentamer 7 were synthesized using commericially available pyridine-2,6-
dicarboxylic acid as the starting material with an overall yield of ~ 1% for 7 after 12 steps 
(Scheme 2.1), and they were then subjected to study using X-ray crystallography and 2D 
NOESY spectroscopy. 
 Monomeric building blocks 2p and 2q were prepared according to Scheme 2.1. 
Carboxylic acid 2q and amine 2p were synthesized in 5 steps starting from pyridine-2,6-
dicarboxylic acid 2m. As shown in Scheme 1, pyridine-2,6-dicarboxylic acid underwent 
esterification in methanol to afford the diester methyl 2n in a high yield of 96 %. The 
second step involved the monohydrolysis of the diester to provide the monoacid 2o. 
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Scheme 2.1 Synthesis of pyridine-based oligoamides 1–7.a 



































































6: R = H




a a) conc. H2SO4, MeOH, reflux; b) KOH, MeOH; c) NMM, ethyl chloroformate, 
THF/DMF (3:2); d) aq. NaN3; e) Benzyl alcohol, Toluene, reflux; f) 10% Pd/C, H2, THF; 
g) NaOH, Dioxane; h) (COCl)2, DMF, CH2Cl2; i) 2p (for 3, 5 and 7), 2-aminopyridine 





Several methods, such as using one equivalent of sodium hydroxide in cold or hot 
methanol or in cold or hot dioxane, or using one equivalent of potassium hydroxide in hot 
DMSO or in cold or hot methanol or in cold or hot dioxane were tried to obtain the 
product 2o, however, most of the methods gave low yield of the desired product with 
either the majority of starting material 2n remaining unreacted or the di-hydrolyzed 
product pyridine-2,6-dicarboxylic acid  2m as the major product. The condition 
producing a 78 % yield of the mono-hydrolyzed product 2o involves using one equivalent 
of potassium hydroxide in methanol and allowing the reaction to stir at room temperature 
overnight. The monoacid 2o then underwent a Curtius rearrangement reaction to obtain 
monomer 1 in 65% yield. Compound 2o first reacted with 4-methylmorpholine and ethyl 
chloroformate to give an active ester intermediate, which was then reacted with the 
nucleophile sodium azide to form the acyl azide intermediate. The acyl azide 
intermediate underwent the Curtius rearrangement reaction in the presence of benzyl 
alcohol to directly form the benzyloxycarbonyl (Cbz) protected amine 1. Monomer acid 
2q was then obtained by subjecting monomer 1 to the hydrolysis by NaOH at room 
temperature overnight. The reaction must not be heated as, instead of 2q, an amino acid 
product was obtained where the Cbz protecting group was deprotected under the basic 
condition at high temperature. In order to obtain monomer amine 2p, monomer 1 
underwent a catalytic hydrogenation reaction using 10 % by weight of 10 % palladium on 
activated carbon as the catalyst. The reaction was clean and efficient, giving quantitative 
yield.  
 Following the elaboration of the synthetic routes for the efficient preparation of the 
various monomeric building blocks, pyridine-based foldamers 2–7 were then prepared 
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using a step-by-step approach with the various monomeric building blocks. The synthesis 
of dimer 2 started with using monomer acid 2q and monomer amine 2p via an active 
ester intermediate. Compound 2q first reacted with 4-methylmorpholine and 
ethylchloroformate to form the active ester intermediate and the above in situ generated 
intermediate was then coupled with compound 2p to yield dimer 2 in 52 % yield. 
Hydrolysis of dimer 2 using NaOH at room temperature overnight yielded the dimer acid 
2r in 84 % yield. An acid chloride was then generated from the dimer acid by treating the 
2r with oxalyl chloride and a few drops of DMF in CH2Cl2 at room temperature. Trimer 
3 was then synthesized by adding monomer amine 2p to the dimer acid chloride together 
with triethylamine base. The higher oligomers were synthesized in the same fashion by 
allowing trimer 3 to undergo a series of hydrolysis and coupling reactions to produce 
tetramer 5, pentamers 6 and 7. Trimer 4, on the other hand, was synthesized by subjecting 
trimer 3 to catalytic hydrogenation to produce the amine intermediate and was then 
treated with p-methoxybenzyloxycarbonyl (Moz) chloride to give the Moz protected 
trimer 4.     
 A unidirectional stepwise approach was used in the synthesis instead of a convergent 
approach where a higher oligomer such as a dimer acid is coupled to a dimer amine to 
synthesize a tetramer molecule, because (1) the higher oligomer amines have very poor 
solubilities in most organic solvents and (2) the H-bonding network in the higher 
oligomer amine is very strong, possibly resulting in a much lower reactivity of the amine 
in higher oligomers and hence giving a much lower yield. Therefore, for this particular 




 However, having said that, a convergent approach was used to synthesize hexemer 8 
(Scheme 2.2) as it was synthetically difficult for pentamer 7 to undergo hydrolysis to 
form the pentamer acid. No reaction was observed when 7 was treated with 2–4 
equivalents of sodium hydroxide at room temperature. Heating the reaction mixture 
would however led to the Cbz-protecting group being cleaved under the basic condition 
and as a result yielding an pentameric amino acid as the major product. Hence, in order to 
synthesized hexemer 8, tetramer acid 2t was coupled with the dimer amine 2u via an acid 
chloride intermediate to gave 8. Similarly, dimer amine 2u was formed from the catalytic 
hydrogenation of 2. As mentioned earlier, due to the poor solubility of the higher 
oligomer amine, DMF was used as the solvent in the hydrogenation and coupling 
reactions. Tetramer acid 2t was treated with oxalyl chloride to generate the acid chloride 
and coupled to 2u in CH2Cl2/DMF (3:1) solvent mixture to yield hexemer 8 in 4 % yield.    
 
Scheme 2.2 Synthesis of pyridine-based hexemer 8.a 
 





2.2.3 Solid State Structure of Pyridine-Based Oligoamides 
 
Figure 2.3. Top and side views of crystal structures of a) dimer 2, b) trimer 4, c) tetramer 
5I, d) tetramer 5II, and e) pentamer 6. Tetramer 5 exists in two different conformations in 
the solid state that are designated as 5I where N-terminal benzene ring is roughly 
coplanar with other pyridine rings and 5II where N-terminal benzene ring is roughly 
perpendicular to other pyridine rings. It can be seen that the backbone becomes 
increasingly curved from dimer 2 to pentamer 6 and about 4.3 repeating units are 


















 Crystals of dimer 2, trimer 4, tetramer 5 and pentamer 6 suitable for X-ray structure 
determination were obtained by slow evaporation or diffusion methods at room 
temperature. The top and side views of the determined crystal structures (Figure 2.3) 
demonstrate that with the increasing addition of pyridine-based building blocks into the 
aromatic backbone, the elongated backbone becomes increasingly curved in one 
direction. This is a result of the stabilizing forces from the progressively lengthened 
intramolecular H-bonding network that comprises up to nine intramolecular H-bonds 
(pyridine N•••H of amide groups = 2.101-2.394 Å). While shorter oligomers 2 and 4 
adopt a crescent formation, tetramer 5 starts to become helically shaped due to the steric 
hindrance from the end ester and Cbz groups, and pentamer 6 is clearly helically folded 
whereby the two end pyridine rings almost can be superimposed over each other (Figure 
2.3e). In 6, each repeating unit in average corresponds to a ~ 84˚ turn and so 4.3 such 
units are needed to furnish a helical turn, remarkably identical to the computationally 
determined value. For comparison, helical turns in some well-known H-bonded aromatic 
folding helices with a homogeneous backbone have been reported to contain ~2.5 
residues,139,149 ~4 residues,142 between 4-5 residues,137 5 residues,150-151 and between 6–
6.5 residues.133-134 On the other hand, most aliphatic helices contain less than four 
repeating units per helical turn.127 Of further interest to note is the aliphatic π-helices 
containing 4.3 residues per helical turn.127 The ability to fine-tune the helicity parameters 
should enable us to systematically and precisely control the 3D spatial orientation of the 
exterior side chains for functional diversification of helically folded aromatic 
foldamers.143,145-146,155-156  
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2.2.4 2D NOESY Study of Pyridine-Based Oligoamides 
  
Figure 2.4 Observed NOE contacts in CDCl3 illustrated by double headed purple arrows 
in a) trimer 3, b) tetramer 5, and c) pentamer 6.† The selected end-to-end NOE cross 
peaks with their correspondng shortest inter-atomic distances from the crystal structures 
of 4, 5, and 6 are shown to the right. The dotted arrow in b) indicates a much weaker 
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Figure 2.5 Full 2D NOESY spectrum containing NOE contacts seen in 3 as revealed by 
2D NOESY study (5 mM, 263 K, CDCl3, AMX 500 MHz, mixing time = 500 ms).   
ppm
































Figure 2.6 Full 2D NOESY spectrum containing NOE contacts seen in 5 as revealed by 
2D NOESY study (10 mM, 298 K, CDCl3, 500 MHz, mixing time = 500 ms).    
ppm


































Figure 2.7. Full 2D NOESY spectrum containing NOE contacts seen in 6 as revealed by 
2D NOESY study (10 mM, 298 K, CDCl3, 500 MHz, mixing time = 500 ms). 
ppm


























Figure 2.8 1H NMR spectra (CDCl3, 500 MHz, 298 K) of compound 6 at (a) 10 mM, (b) 
5.0 mM and (c) 1.0 mM. This shows that the aggregation of 6 in chloroform can be 
neglected. 
  
 An aggregration study was first performed on oligomer 6  where the 1H NMR spectra of 
6 in CDCl3 at various concentration, ranging from 1 mM to 10 mM, were taken (Figure 
2.8) and the results showed that the chemical shift of all the peaks were the same even at 
the higher concentration of 10 mM. The data indicated that there was no aggregation of 6 
in chloroform as a result of π- π stacking and hence we could used a high concentration 
of 10 mM for all the 2D NOESY experiments.     
 2D NOESY study was employed to examine if the crescent-shaped or helical 
conformations seen in oligomers 3, 5 and 6 in solid states also persist in solution. Given 











The experimentally observed NOE contacts therefore would provide evidences for the 
distance between two interacting protons and accordingly the conformations in solution.  
     As revealed from the crystal structure of 4, the inter-atomic distances between 
adjacent amide protons, and between the end ester and Cbz groups are of 3.35 Å to 3.50 
Å, an indication of a possibility to observe NOE contacts among them. The 1H NMR 
signal overlaps due to the repetitive nature of 3 were overcame by performing the 
NOESY study at 263 K. At this temperature, amide proton d was well separated from the 
aromatic protons, permitting us to confidently analyze the NOE patterns. The observation 
of 1) the expected NOE cross peaks between proton c and b or d and 2) the end-to-end 
NOE contacts between end methoxy protons a and Cbz protons g or h provides the 
convincing evidences for the foleded crescent-shaped structure by 3 in solution (Figure 
2.4a and Figure 2.5). Additionally, in 3, the NOE intensities among amide protons b, c 
and d (distances = 3.40 and 3.50 Å) were stronger than that between protons d and g 
(4.16 Å, Figure 2.4a). This comparison provides a further evidence on the existence of 
intramolecular H-bonds that restrict the conformational freedom of amide bonds. If one 
of the amide bonds in 3 is flexibly allowed to flip to the other side by 180, the distance 
between this flipped amide proton and its neighboring amide protons will become larger 
than 5 Å, a distance that allows the observation of either much weakened NOEs or no 
NOEs at all.  
     Simiar to 3 and consistent with the inter-atomic distances from 2.83 to 3.77 Å found in 
tetramer 5 (Figure 2.4b and Figure 2.6), NOE cross peaks between amide protons b and c, 
and between d and e were observed, suggesting the close proximity of these amide 
protons in space and the folded conformation for tetramer 5. The helically folded 
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geometry adopted by both tetramer 5 and pentamer 6 is unambiguously confirmed by the 
end-to-end NOE contacts seen between protons a and e or g for 5 (Figure 2.4b and Figure 
2.6), and between protons a4 and g for 6 (Figure 2.4c and Figure 2.7). As a result of 




     In summary, we show that the high level ab initio models enable us to rationally 
design and experimentally demonstrate by both solution and solid state characterizations 
a new class of helical aromatic foldamers, requiring ~ 4.3 residues per helical turn that 
closely mimicks the helicity requirement by π-helices. The availability of these diverse 
helical foldamers should greatly facilitate the design of function-oriented aromatic 
foldamers.143,145-146,155-156 
 
2.4 Experimental Section 
2.4.1 General Remarks 
All the reagents were obtained from commercial suppliers and used as received unless 
otherwise stated. Aqueous solutions were prepared from distilled water. The organic 
solutions from all liquid extractions were dried over anhydrous sodium sulphate for a 
minimum of 15 minutes before filtration. Reactions were monitored by thin-layer 
chromatography (TLC) on silica gel pre-coated glass plates (0.25 mm thickness, 60F-254, 
E., Merck). Chemical yields refer to pure isolated substances. Melting point (mp) of the 
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compounds was measured using Büchi Melting point B540. Infrared (IR) spectra were 
acquired using a Varian 3100 FTIR spectrometer with values reported as wavenumbers. 
Mass spectra were obtained using instrumentation which includes Finnigan MAT95XL-T 
and Micromass VG7035. 1H and 13C NMR spectra were recorded on a Bruker AMX500 
(500 MHz) spectrometer. In addition, key compounds were characterized by 2D NOESY 
and X-Ray Diffraction. The solvent signal of CDCl3 and DMSO-d6 in 1H NMR were 
referenced at  = 7.26 ppm and  = 2.50 ppm respectively. Coupling constants (J values) 
are reported in Hertz (Hz). 1H NMR data are recorded in the order: chemical shift value, 
multiplicity (s: singlet; d: doublet; t: triplet; q: quartet; m: multiplet; br: broad), coupling 
constant and number of protons that gave rise to the signal, where applicable. 13C NMR 
spectra are proton-decoupled and the solvent peaks of CDCl3 and DMSO-d6 were 
referenced at  = 77.0 ppm and 39.5 ppm respectively. 2D NMR experiments were 
recorded on a Bruker DRX500 (500 MHz) spectrometer, unless otherwise stated. CDCl3 
and DMSO-d6 were purchased from Cambridge Isotope Laboratories, Inc. and used 
without further purification unless otherwise stated. Single crystal X-ray diffraction study 
was recorded on Bruker-AXS Smart Apex CCD single crystal diffractometer. 
 
2.4.2 Synthetic Procedures & Characterization 
Compound 2n: Concentrated sulphuric acid (5ml) was added dropwise to pyridine-2,6-
dicarboxylic acid (2m)  (5.49 g, 32.9 mmol) in methanol (120ml). The solution was 
refluxed for 48 hrs and thereafter, the solvent was removed in vacuo. Dichloromethane 
(CH2Cl2) was added and the product was washed with water and aqueous sodium 
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hydroxide. Removal of CH2Cl2 yielded the pure product as a white solid (Yield: 6.16 g, 
96%; mp: 122–124 oC). 1H NMR (500 MHz, CDCl3):  8.28 (q, J = 3.8 Hz, 2H), 7.89–
8.02 (m, 1H), 3.99 (s, 6H). 13C NMR (125 MHz, CDCl3):  164.98, 148.17, 138.29, 
127.94, 53.09. HRMS-EI: calculated for [M]+ (C9H9NO4): m/z 195.0532, found: m/z 
195.0535.        
 
Compound 2o: Solid potassium hydroxide (1.72 g, 30.7 mmol) was dissolved in 
minimal amount of water and was added to compound 2n (6.00 g, 30.7 mmol) in 
methanol (30 ml). The mixture was stirred at room temperature for 12 hrs and thereafter 
the solvent was removed in vacuo. The crude product was then dissolved in water and 
extracted with CH2Cl2 twice to remove any starting material. The aqueous layer was 
acidified with 1M HCl and extracted with ethyl acetate five times. Removal of the 
solvent in vacuo yielded the pure product as a white solid (Yield: 4.35 g, 78%; mp: 148–
150 oC). 1H NMR (500 MHz, DMSO-d6):  8.22–8.25 (m, 2H), 8.17 (t, J = 7.9 Hz, 1H), 
3.91 (s, 3H). 13C NMR (125 MHz, DMSO-d6):  165.62, 147.57, 139.06, 127.86, 55.61. 
HRMS-ESI: calculated for [M-H]- (C8H6NO4): m/z 180.0291, found: m/z 180.0296.        
 
Compound 1: Compound 2o (0.18 g, 1.0 mmol) was dissolved in THF / DMF (3 ml / 2 
ml) and the solution was cooled to -5 oC to -10 oC using an ice-salt bath. Ethyl 
chloroformate (0.12 ml, 1.2 mmol) and N-methylmorpholin (0.12 ml, 1.2 mmol) was 
added to the cooled solution and stirred for 15 mins. Sodium azide (0.10 g, 1.5 mmol), 
which was dissolved in minimal amount of water, was added to the cooled solution and 
the solution was allowed to stirred for 30mins. THF in the solution was then removed in 
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vacuo and CH2Cl2 was then added to the remaining solution. The organic layer was 
washed twice with water to remove any salts and the remaining DMF. The solvent was 
then removed in vacuo to yield a yellow solid. The yellow solid was dissolved in 5ml of 
toluene and benzyl alcohol (0.11 ml, 1.1 mmol) was added into it. The solution was 
heated at 120 oC for 30 hrs. The solvent was then removed in vacuo and the crude 
product was dissolved in CH2Cl2 and washed with water. Removal of the solvent yielded 
the crude product which was re-crystalized with methanol to give the pure product as a 
white solid (Yield: 0.17 g, 65 %; mp: 101–102 oC). 1H NMR (500 MHz, CDCl3):  8.19 
(d, J = 2.6 Hz, 1H), 8.02 (s, 1H), 7.78–7.82  (m, 2H), 7.29–7.37 (m, 5H), 5.20 (s, 2H), 
3.93 (s, 3H). 13C NMR (125 MHz, CDCl3):  165.07, 152.96, 151.46, 145.90, 139.19, 
135.62, 128.51, 128.27, 127.89, 120.29, 116.11, 67.10, 52.78. HRMS-ESI: calculated for 
[M+Na]+ (C15H14N2O423Na): m/z 309.0846, found: m/z 309.0851.    
 
Compound 2p: Compound 1 (0.29 g, 1.0 mmol) underwent catalytic hydrogenation in 
THF (10 ml) at 50 oC for 3 hrs using Pd/C (0.03 g, 10 wt%) as the catalyst. The reaction 
was then filtered and the solvent was removed in vacuo to give the product 2p. The 
compound was used directly in the next step without further purification. (Yield: 0.15 g, 
98 %; mp: 78–80 oC). 1H NMR (500 MHz, DMSO-d6):  7.51 (t, J = 7.9 Hz, 1H), 7.18 (d, 
J = 7.6 Hz, 1H), 6.50 (d, J = 8.2 Hz, 1H), 6.29 (s, 2H), 3.79 (s, 3H). 13C NMR (125 MHz, 
DMSO-d6):  165.79, 159.70, 145.70, 137.69, 113.20, 112.24, 51.88. HRMS-EI: 




Compound 2q: Solid NaOH (0.16 g, 4.0 mmol) was dissolved in minimal amount of 
deionized water and was then added into the round bottom flask containing compound 1 
(0.57 g, 2.0 mmol) in dioxane (10 ml). The mixture was stirred at room temperature 
overnight and the solvent was then removed in vacuo. Water (20 ml), MeOH (20 ml) and 
solid KHSO4 (0.54 g, 4.0 mmol) was then added. The suspension was then filtered, 
washed and the residue obtained was dried to give a pure product as a white solid (Yield: 
0.48 g, 88 %; mp: 268–270 oC, decompose). 1H NMR (500 MHz, DMSO-d6):  10.56 (s, 
1H), 8.04 (d, J = 8.9 Hz, 1H), 7.94 (t, J = 7.9 Hz, 1H), 7.69–7.71 (m, 1H), 7.37–7.43 (m, 
4H), 7.31–7.34 (m, 1H), 5.19 (s, 2H). 13C NMR (125 MHz, DMSO-d6):  165.95, 153.70, 
152.09, 147.20, 139.30, 132.36, 128.42, 127.92, 127.64, 115.85, 112.44, 65.82. HRMS-
ESI: calculated for [M-H]- (C14H11N2O4): m/z 271.0724, found: m/z 271.0720. 
 
Compound 2: Compound 2q (0.27 g, 1 mmol) was dissolved in THF / DMF (3 ml/2 ml) 
in a round bottom flask and was cooled in an ice bath. 4-methylmorpholine (0.1 ml, 1.0 
mmol) and ethyl chloroformate (0.1 ml, 1.0 mmol) were added to the round bottom flask 
and stirred for 30 mins while maintaining the temperature at -5 oC to -10 oC. Compound 
2p (0.15 g, 1.0 mmol) was dissolved in THF (2 ml) and DMF (2 ml) and the solution was 
then added into the round bottom flask. The ice bath was then removed and the mixture 
was then stirred at 90 oC overnight. The solvents were then removed in vacuo, 
dichloromethane (25 ml) was added and the product was washed with water (2 x 10ml), 
1M HCl (2 x 10ml) and 1M NaOH (2 x 10ml). The solvent was then removed in vacuo to 
yield the crude compound which was re-crystallized with MeOH to yield the pure 
product as a white solid (Yield: 0.21 g, 52 %; mp: 160–161 oC). 1H NMR (500 MHz, 
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DMSO-d6):  10.35 (s, 1H), 8.63 (t, J = 4.3 Hz, 1H), 8.20 (d, J = 8.2 Hz, 1H), 7.95 (d, J = 
7.7 Hz, 1H), 7.85–7.89 (m, 3H), 7.74 (s, 1H), 7.32–7.44 (m, 5H), 5.28 (s, 2H), 4.00 (s, 
3H). 13C NMR (125 MHz, DMSO-d6):  165.23, 162.26, 152.85, 151.14, 150.19, 146.99, 
146.21, 139.98, 139.31, 135.63, 128.60, 128.36, 127.95, 121.24, 117.71, 117.58, 115.78, 
67.29, 52.90. HRMS-ESI: calculated for [M+Na]+ (C21H18N4O523Na): m/z 429.1169, 
found: m/z 429.1163.    
 
Compound 2r: Solid NaOH (0.16 g, 4.0 mmol) was dissolved in minimal amount of 
deionized water and was then added into the round bottom flask containing compound 2 
(0.81 g, 2.0 mmol) in dioxane (10 ml). The mixture was stirred at room temperature 
overnight and the solvent was then removed in vacuo. Water (20 ml), MeOH (20 ml) and 
solid KHSO4 (0.54 g, 4.0 mmol) was then added. The suspension was then filtered, 
washed and the residue obtained was dried to give a pure product as a white solid (Yield: 
0.69 g, 84 %). 1 H NMR (500 MHz, DMSO-d6):  10.94 (s, 1H), 10.45 (s, 1H), 8.50 (s, 
1H), 7.88–8.48 (m, 3H), 7.82–7.86 (m, 2H), 7.33–7.45 (m, 5H), 5.24 (s, 2H). 13C NMR 
(125 MHz, DMSO-d6):  162.67, 162.33, 153.49, 151.26, 150.48, 147.54, 146.88, 140.88, 
140.57, 139.92, 136.37, 128.64, 128.26, 128.07, 121.08, 121.07, 118.78, 117.12, 116.14, 
66.38. HRMS-ESI: calculated for [M-H]+ (C20H15N4O5): m/z 391.1048, found: m/z 
391.1049. 
 
Compound 3: Compound 2r (0.39 g, 1.0 mmol) was dissolved in dry dichloromethane 
(10ml) in a round bottom flask. DMF (0.1 ml) was added, followed by the dropwise 
addition of oxalyl chloride (0.3 ml, 2.0 mmol) into the round bottom flask. The reaction 
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mixture was stirred for 2 hrs and the solvent and excess oxalyl chloride were removed in 
vacuo. Dry dichloromethane (10 ml) was then added to the acid chloride in nitrogen 
atmosphere. Minimal amount of dry dichloromethane was added to a mixture containing 
compound 2p (0.15 g, 1.0 mmol) and triethylamine (0.28 ml, 2.0 mmol) and the mixture 
was injected into the acid chloride. The mixture was allowed to stir for 1 hr at room 
temperature and after the reaction, the product was washed with water (2 x 10ml), 1M 
HCl (2 x 10ml) and 1M NaOH (2 x 10ml). The solvent was removed in vacuo to give the 
crude product and the flash column chromatography was used to afford the pure product 
as a white solid (Yield: 0.21 g, 39 %; mp: 232–234 oC). 1H NMR (500 MHz, CDCl3):  
10.31 (s, 1H), 10.17 (s, 1H), 8.61–8.68 (m, 2H), 8.25 (d, J = 8.1 Hz, 1H), 7.95–8.00 (m, 
3H), 7.84–7.90 (m, 4H), 7.30–7.41 (m, 5H), 5.23 (s, 2H), 3.87 (s, 3H). 13C NMR (125 
MHz, CDCl3):  165.14, 162.44, 162.27, 152.87, 151.29, 150.52, 149.94, 147.26, 147.02, 
146.10, 139.87, 139.84, 139.28, 135.51, 128.50, 128.34, 128.29, 121.29, 118.74, 117.96, 
117.84, 117.41, 115.91, 67.40, 52.78. HRMS-ESI: calculated for [M+Na]+ 
(C27H22N6O623Na): m/z 549.1493, found: m/z 549.1492. 
 
Compound 4: Compound 3 (0.53 g, 1.0 mmol) underwent catalytic hydrogenation in 
DMF (50 ml) at room temperature using Pd/C (0.05 g, 10 wt%) as the catalyst. After 
stirring the reaction overnight, the catalyst was filtered and the filtrate was poured into a 
round bottom flask. Triethylamine (0.28 ml, 2.0 mmol) was added into the round bottom 
flask, followed by the addition of Moz-Cl (0.30 ml, 2.0 mmol) and the reaction was 
stirred for 2 hr at room temperature and thereafter, the solvent was removed in vacuo. 
dichloromethane (25ml) was added to the crude product and was washed with water (2 x 
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10ml), 1M HCl (2 x 10ml) and 1M NaOH (2 x 10ml). The solvent was removed in vacuo 
to give the crude product and the flash column chromatography was used to afford the 
pure product as a white solid (Yield: 0.06 g, 11 %). 1H NMR (500 MHz, CDCl3):  10.41 
(s, 1H), 10.27 (s, 1H), 8.70–8.73 (m, 1H), 8.67 (d, J = 8.2 Hz, 1H), 8.29 (d, J = 8.6 Hz, 
1H), 8.06 (d, J = 6.9 Hz, 1H), 7.91–8.01 (m, 6H), 7.36 (d, J = 8.8 Hz, 2H), 6.90 (d, J = 
8.5 Hz, 1H), 5.19 (s, 2H), 3.92 (s, 3H), 3.81 (s, 3H). 13C NMR (125 MHz, CDCl3):  
165.29, 162.59, 162.44, 159.87, 153.07, 151.40, 150.67, 150.06, 147.35, 147.07, 146.19, 
140.02, 139.98, 139.44, 130.26, 127.71, 121.41, 118.83, 118.08, 117.85, 117.53, 116.02, 
114.00, 67.35, 55.28, 52.95. HRMS-ESI: calculated for [M+Na]+ (C28H24N6O723Na): m/z 
579.1599, found: m/z 579.1604. 
   
Compound 2s: Solid NaOH (0.16 g, 4.0 mmol) was dissolved in minimal amount of 
deionized water and was then added into the round bottom flask containing compound 3 
(1.05 g, 2.0 mmol) in dioxane (10 ml). The mixture was stirred at room temperature 
overnight and the solvent was then removed in vacuo. Water (20 ml), MeOH (20 ml) and 
solid KHSO4 (0.54 g, 4.0 mmol) was then added. The suspension was then filtered, 
washed and the residue obtained was dried to give the pure product as a white solid. 1 H 
NMR (500 MHz, DMSO-d6):  10.76 (s, 1H), 10.71 (s, 1H), 10.33 (s, 1H), 8.57 (d, 1H, J 
= 9.0 Hz), 8.51 (d, 1H, J = 8.8 Hz), 8.19 (t, 1H, J = 8.1 Hz), 8.06–8.11 (m, 3H), 8.01 (d, 
1H, J = 7.7 Hz), 7.85–7.87 (m, 2H), 7.34–7.47 (m, 5H), 5.25 (s, 2H). 13C NMR (125 
MHz, DMSO-d6):  165.59, 162.54, 162.18, 153.33, 151.16, 150.52, 149.96, 147.36, 
147.09, 146.78, 140.72, 140.42, 139.99, 136.28, 128.48, 128.09, 127.94, 121.14, 118.65, 
117.39, 117.12, 116.93, 115.96, 66.21.  
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Compound 5: The acid 2s (0.51 g, 1.0 mmol) was dissolved in dry dichloromethane 
(10ml) in a round bottom flask. DMF (0.1 ml) was added, followed by the dropwise 
addition of oxalyl chloride (0.3 ml, 2.0 mmol) into the round bottom flask. The reaction 
mixture was stirred for 2 hrs and the solvent and excess oxalyl chloride were removed in 
vacuo and dry dichloromethane (10 ml) was added to the acid chloride in nitrogen 
atmosphere. Minimal amount of dry dichloromethane was added to a mixture containing 
compound 2p (0.15 g, 1.0 mmol) and triethylamine (0.28 ml, 2.0 mmol) and the mixture 
was injected into the acid chloride. The mixture was allowed to stir for 1 hr at room 
temperature and after the reaction, the product was washed with water (2 x 10ml), 1M 
HCl (2 x 10ml) and 1M NaOH (2 x 10ml). The solvent was removed in vacuo to give the 
crude product and the flash column chromatography was used to afford the pure product 
as a white solid (Yield: 0.29 g, 46 %). 1H NMR (500 MHz, CDCl3):  10.44 (s, 1H), 
10.34 (s, 1H), 10.27 (s, 1H), 8.59–8.64 (m, 3H), 8.32 (br, 1H), 8.23 (d, J = 7.5 Hz, 1H), 
7.88–8.03 (m, 6H), 7.75–7.79 (m, 2H), 7.08-7.20 (m, 5H), 5.02 (s, 2H), 3.81 (s, 3H). 13C 
NMR (125 MHz, CDCl3):  164.97, 162.48, 162.45, 162.36, 153.00, 151.28, 150.63, 
150.02, 149.89, 147.33, 147.28, 147.13, 145.95, 139.96, 139.32, 135.30, 128.37, 128.17, 
127.69, 121.15, 118.78, 118.71, 117.83, 117.70, 117.49, 116.10, 67.11, 52.80. HRMS-
ESI: calculated for [M+Na]+ (C33H26N8O723Na): m/z 669.1817, found: m/z 669.1843. 
 
Compound 2t: Solid NaOH (0.16 g, 4.0 mmol) was dissolved in minimal amount of 
deionized water and was then added into the round bottom flask containing compound 5 
(1.29 g, 2.0 mmol) in dioxane (20 ml). The mixture was stirred at room temperature 
overnight and the solvent was then removed in vacuo. Water (20 ml), MeOH (20 ml) and 
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solid KHSO4 (0.54 g, 4.0 mmol) was then added. The suspension was then filtered, 
washed and the residue obtained was dried to give the acid as a white solid. 1H NMR 
(500 MHz, DMSO-d6):  11.05 (s, 1H), 10.71 (s, 1H), 10.65 (s, 1H), 10.54 (s, 1H), 8.49–
8.56 (m, 3H), 8.17 (t, 2H, J = 7.9 Hz), 8.06–8.13 (m, 3H), 8.00 (d, 1H, J = 6.9 Hz), 7.95 
(d, 1H, J = 7.1 Hz), 7.88 (dd, 1H, Jd = 7.1 Hz, Jd = 1.3 Hz), 7.85 (d, 1H, J = 7.5 Hz), 
7.20–7.26 (m, 5H), 5.07 (s, 2H); 13C NMR (125 MHz, DMSO-d6):  165.47, 163.19, 
162.28, 162.23, 153.15, 151.11, 150.58, 150.12, 149.87, 148.28, 147.19, 147.04, 146.55, 
140.50, 140.46, 140.36, 139.75, 135.92, 128.14, 127.83, 127.67, 120.91, 118.73, 118.43, 
117.63, 117.13, 116.83, 116.77, 115.89, 66.06.  
 
Compound 6: The acid 2t (0.63 g, 1.0 mmol) was dissolved in dry dichloromethane 
(10ml) in a round bottom flask. DMF (0.1 ml) was added, followed by the dropwise 
addition of oxalyl chloride (0.3 ml, 2.0 mmol) into the round bottom flask. The reaction 
mixture was stirred for 2 hrs and the solvent and excess oxalyl chloride were removed in 
vacuo and dry dichloromethane (20 ml) was added to the acid chloride in nitrogen 
atmosphere. Minimal amount of dry dichloromethane was added to a mixture containing 
2-aminopyridine (0.19 g, 2.0 mmol) and triethylamine (0.28 ml, 2.0 mmol) and the 
mixture was injected into the acid chloride. The mixture was allowed to stir for 1 hr at 
room temperature and after the reaction, the product was washed with water (2 x 10ml), 
1M HCl (2 x 10ml) and 1M NaOH (2 x 10ml). The solvent was removed in vacuo to give 
the crude product and the flash column chromatography was used to afford the pure 
product as a white solid (Yield: 0.26 g, 37 %; mp: 261–263 oC, decompose). 1H NMR 
(500 MHz, CDCl3):  10.47 (s, 1H), 10.42 (s, 1H), 10.40 (s, 1H), 10.36 (s, 1H), 8.75 (t, J 
42 
 
= 8.1 Hz, 2H), 8.67 (d, J = 7.5 Hz, 1H), 8.40 (d, J = 7.9 Hz, 1H), 8.13 (d, J = 7.1 Hz, 1H), 
8.03 (q, J = 7.4 Hz, 2H), 7.95–7.99 (m, 2H), 7.92 (d, J = 7.5 Hz, 2H), 7.87–7.89 (m, 2H), 
7.76 (t, J = 7.9 Hz, 1H), 7.63–7.67 (m, 2H), 7.54 (s, 1H), 7.13–7.19 (m, 3H), 7.06–7.08 
(m, 2H), 6.69 (t, 1H, J = 6.3 Hz), 5.01 (s, 2H). 13C NMR (125 MHz, CDCl3):  162.60, 
162.50, 162.38, 161.97, 152.31, 150.92, 150.26, 150.15, 149.84, 147.48, 147.37, 147.33, 
147.18, 146.79, 140.23, 140.14, 140.08, 139.63, 138.52, 135.31, 128.35, 128.10, 127.67, 
119.70, 118.98, 118.94, 118.55, 117.88, 117.66, 117.60, 117.14, 115.72, 113.71, 67.28. 
HRMS-ESI: calculated for [M+Na]+ (C37H28N10O623Na): m/z 731.2085, found: m/z 
731.2104. 
 
Compound 7: Compound 2t (0.63 g, 1.0 mmol) was dissolved in dry dichloromethane 
(10ml) in a round bottom flask. DMF (0.1 ml) was added, followed by the dropwise 
addition of oxalyl chloride (0.3 ml, 2.0 mmol) into the round bottom flask. The reaction 
mixture was stirred for 2 hrs and thereafter the solvent and excess oxalyl chloride were 
removed in vacuo and dry dichloromethane (10 ml) was added to the acid chloride in 
nitrogen atmosphere. Minimal amount of dry dichloromethane was added to a mixture 
containing compound 2p (0.15 g, 1.0 mmol) and triethylamine (0.1 ml, 0.3 mmol) and the 
mixture was injected into the acid chloride. The mixture was allowed to stir for 1 hr at 
room temperature and after the reaction, the product was washed with water (2 x 10ml), 
1M HCl (2 x 10ml) and 1M NaOH (2 x 10ml). The solvent was removed in vacuo to give 
the crude product and the flash column chromatography was used to afford the pure 
product as a white solid (0.27 g, 35 %). 1H NMR (500 MHz, DMSO-d6):  10.61 (s, 1H), 
10.55 (s, 1H), 10.50 (s, 1H), 10.42 (s, 1H), 8.70–8.75 (m, 1H), 8.61–8.63 (m, 1H), 8.22 (s, 
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1H), 7.94–8.10 (m, 5H), 7.67–7.83 (m, 7H), 7.11–7.16 (m, 3H), 7.02 (d, 2H, J = 7.0 Hz), 
6.88 (s, 1H), 5.00 (s, 2H), 3.58 (s, 3H). 13C NMR (125 MHz, DMSO-d6):  168.10, 
164.20, 162.67, 162.47, 162.45, 162.30, 152.82, 152.28, 150.18, 149.96, 147.27, 146.74, 
140.25, 140.15, 139.50, 135.22, 128.32, 128.01, 118.76, 118.45, 117.53, 117.36, 117.32, 
117.12, 149.97, 110.39, 101.01, 67.31, 55.91. HRMS-ESI: calculated for [M+Na]+ 
(C39H30N10O823Na): m/z 789.2140, found: m/z 789.2148. 
 
Compound 2u: Compound 2 (0.41 g, 1.0 mmol) underwent catalytic hydrogenation in 
DMF (50 ml) at room temperature using Pd/C (0.04 g, 10 wt%) as the catalyst. After 
stirring the reaction overnight, the catalyst was filtered and the filtrate was poured into a 
round bottom flask and the solvent removed in vacuo to afford the pure product as a 
white solid (quant.). 1H NMR (500 MHz, DMSO-d6):  10.46 (s, 1H), 8.52 (d, 1H, J = 
8.2 Hz), 8.08 (t, 1H, J = 7.8 Hz), 7.84 (d, 1H, J = 7.5 Hz), 7.63 (t, 1H, J = 7.6 Hz), 7.34 
(d, 1H, J = 7.8 Hz), 6.74 (d, 1H, J = 8.2 Hz), 6.60 (s, 2H), 3.90 (s, 3H). 13C NMR (125 
MHz, DMSO-d6):  164.62, 162.78, 158.92, 150.79, 146.22, 145.99, 140.04, 138.55, 
120.83, 116.69, 112.82, 110.31, 52.47. HRMS-ESI: calculated for [M+Na]+ 
(C13H12N4O323Na): m/z 295.0802, found: m/z 295.0816. 
 
Compound 8: Compound 2t (0.63 g, 1.0 mmol) was dissolved in dry dichloromethane 
(10ml) in a round bottom flask. DMF (0.1 ml) was added, followed by the dropwise 
addition of oxalyl chloride (0.3 ml, 2.0 mmol) into the round bottom flask. The reaction 
mixture was stirred for 2 hrs and thereafter the solvent and excess oxalyl chloride were 
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removed in vacuo. Solid 2u (0.54 g, 2.0 mmol) was added to the acid chloride in nitrogen 
atmosphere. Dry DMF (20 ml) and dry dichloromethane (10 ml) were added to the 
mixture and stirred for 15 mins. Following that, triethylamine (0.1 ml, 0.3 mmol) was 
added into the mixture. The mixture was allowed to stir overnight. the product was then 
filtered, solvent removed in vacuo and the crude product was subjected to flash column 
chromatography to afford the pure product as a white solid (0.04 g, 4 %).1H NMR (500 
MHz, CDCl3):  10.78 (s, 1H), 10.61 (s, 1H), 10.51 (s, 1H), 10.08 (s, 1H), 10.02 (s, 1H), 
8.75–8.80 (m, 3H), 8.54 (d, 1H, J = 7.8 Hz), 8.13–8.14 (m, 1H), 8.02–8.06 (m, 3H), 
7.90–7.95 (m, 5H), 7.79–7.88 (m, 5H), 7.65–7.73 (m, 4H), 7.56 (d, 1H, J = 7.4 Hz), 7.39 
(s, 1H), 7.04–7.20 (m, 5H), 5.01 (s, 2H), 3.68 (s, 3H). 13C NMR (125 MHz, CDCl3):  
161.69, 161.34, 154.42, 154.40, 151.94, 150.99, 150.33, 150.11, 149.77, 149.50, 147.50, 
147.32, 147.09, 146.77, 146.42, 145.08, 140.32, 140.05, 139.88, 139.82, 139.71, 139.11, 
135.10, 128.35, 128.11, 127.62, 121.38, 118.95, 118.79, 118.63, 118.00, 117.96, 117.86, 
117.35, 117.32, 117.22, 116.49, 115.04, 67.47, 52.84. HRMS-ESI: calculated for 
[M+Na]+ (C45H34N12O923Na): m/z 909.2464, found: m/z 909.2480. 
 
2.4.3 Ab Initio Molecular Modeling 
All the calculations were carried out by utilizing the either the Gaussian 03157 or Gaussian 
09158 program package. The geometry optimizations were performed at the density 
functional theory (DFT) level, and the Becke’s three parameter hybrid functional with the 
Lee-Yang-Parr correlation functional (B3LYP)159 method was employed to do the 
calculations. Unless otherwise stated, the 6-31G* basic160-161 from the Gaussian basis set 
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library has been used in all the calculations. The harmonic vibrational frequencies and 
zero-point energy corrections were calculated at the same level of theory. Single point 
energy were obtained at the B3LYP level in conjuction with the 6-311+G (2d, p) basis set 
with the use of the above optimized geometries, i.e., B3LYP/6-311+G(2d,p)//B3LYP/6-
31G. For dimer 2f – 2l, the harmonic vibrational frequencies and zero-point energy 
corrections were calculated using the 6-311+G (2d, p) basis set from the Gaussian basis 
set library directly. 
 
2.4.4 IR spectra of Compound 3, 5 and 6 
 
Figure 2.9 IR spectra of a) compound 3, b) compound 5 and c) compound 6 indicating 




















2.4.5 X-Ray Crystal Data for Compound 2, 4, 5 and 6 
Table 2.1 Crystal data and structure refinement for Compound 2: 
CCDC Deposition Number 817347 
Empirical formula  C20 H16 N4 O4 
Formula weight  376.37 
Temperature  223(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  C2/c 
Unit cell dimensions a = 34.441(2) Å = 90°. 
 b = 5.2810(3) Å = 90.6040(10)°. 
 c = 19.1556(12) Å  = 90°. 
Volume 3483.9(4) Å3 
Z 8 
Density (calculated) 1.435 Mg/m3 
Absorption coefficient 0.103 mm-1 
F(000) 1568 
Crystal size 0.70 x 0.10 x 0.08 mm3 
Theta range for data collection 2.13 to 27.48°. 
Index ranges -44<=h<=42, -6<=k<=6, -24<=l<=22 
Reflections collected 11784 
Independent reflections 3989 [R(int) = 0.0331] 
Completeness to theta = 27.48° 99.8 %  
Absorption correction Sadabs, (Sheldrick 2001) 
Max. and min. transmission 0.9918 and 0.9314 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 3989 / 0 / 262 
Goodness-of-fit on F2 1.041 
Final R indices [I>2sigma(I)] R1 = 0.0469, wR2 = 0.1086 
R indices (all data) R1 = 0.0614, wR2 = 0.1154 




Table 2.2 Crystal data and structure refinement for Compound 4: 
CCDC Deposition Number 817348 
Empirical formula  C29.50 H27 N6 O7.50 
Formula weight  585.57 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P2(1)/n 
Unit cell dimensions a = 11.0265(11) Å = 90°. 
 b = 7.7675(8) Å = 96.551(3)°. 
 c = 32.872(3) Å  = 90°. 
Volume 2797.1(5) Å3 
Z 4 
Density (calculated) 1.391 Mg/m3 
Absorption coefficient 0.103 mm-1 
F(000) 1224 
Crystal size 0.20 x 0.14 x 0.06 mm3 
Theta range for data collection 2.48 to 25.00°. 
Index ranges -13<=h<=12, -9<=k<=9, -30<=l<=39 
Reflections collected 15771 
Independent reflections 4903 [R(int) = 0.0492] 
Completeness to theta = 25.00° 99.7 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.9939 and 0.9798 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 4903 / 3 / 417 
Goodness-of-fit on F2 1.326 
Final R indices [I>2sigma(I)] R1 = 0.1146, wR2 = 0.2346 
R indices (all data) R1 = 0.1271, wR2 = 0.2414 





Table 2.3 Crystal data and structure refinement for Compound 5: 
CCDC Deposition Number 817349 
Empirical formula  C34 H28 Cl2 N8 O7 
Formula weight  731.54 
Temperature  223(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P2(1)/n 
Unit cell dimensions a = 14.2827(5) Å = 90°. 
 b = 18.5948(8) Å = 101.1340(10)°. 
 c = 25.6428(10) Å  = 90°. 
Volume 6682.1(5) Å3 
Z 8 
Density (calculated) 1.454 Mg/m3 
Absorption coefficient 0.257 mm-1 
F(000) 3024 
Crystal size 0.60 x 0.26 x 0.26 mm3 
Theta range for data collection 1.52 to 27.50°. 
Index ranges -18<=h<=17, -24<=k<=23, -33<=l<=29 
Reflections collected 47121 
Independent reflections 15349 [R(int) = 0.0469] 
Completeness to theta = 27.50° 99.9 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.9361 and 0.8609 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 15349 / 0 / 953 
Goodness-of-fit on F2 1.100 
Final R indices [I>2sigma(I)] R1 = 0.0738, wR2 = 0.1488 
R indices (all data) R1 = 0.1085, wR2 = 0.1644 





Table 2.4 Crystal data and structure refinement for Compound 6: 
CCDC Deposition Number 817350 
Empirical formula  C37 H32 N10 O8 
Formula weight  744.73 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P2(1)/n 
Unit cell dimensions a = 8.0823(7) Å = 90°. 
 b = 16.6905(14) Å = 97.306(2)°. 
 c = 25.880(2) Å  = 90°. 
Volume 3462.8(5) Å3 
Z 4 
Density (calculated) 1.428 Mg/m3 
Absorption coefficient 0.104 mm-1 
F(000) 1552 
Crystal size 0.44 x 0.26 x 0.12 mm3 
Theta range for data collection 1.59 to 27.49°. 
Index ranges -10<=h<=10, -21<=k<=21, -25<=l<=33 
Reflections collected 24661 
Independent reflections 7945 [R(int) = 0.0336] 
Completeness to theta = 27.49° 99.9 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.9749 and 0.8267 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 7945 / 116 / 572 
Goodness-of-fit on F2 1.065 
Final R indices [I>2sigma(I)] R1 = 0.0542, wR2 = 0.1351 
R indices (all data) R1 = 0.0722, wR2 = 0.1437 
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Designing Chiral Crystallization of Conglomerate-Forming Helical 
Foldamers via Complementarities in Shape and End Functionalities 
 
3.1 Introduction 
 Biological macromolecules such as DNAs and -helices are expressed asymmetrically 
as the right-handed helices that are controlled by their homochiral constituents, e.g., D-
sugars and L-amino acids, to yield their characteristic biological functions. Abiotic 
helical foldamers116,118,122,125,162-165 are thus bio-inspired to aim at not only reproducing 
the one-handed helicity observed in Nature but also at rendering good applications in 
sensing, catalysis, data storage, optical devices etc. While more diverse approaches have 
been adopted in producing optically active helical polymers,166-167 controlling and biasing 
the helical screw sense in oligomeric helices have been achieved mostly by 1) using 
chiral monomers168-169 or those carrying chiral side chains,170 2) introducing chiral groups 
in the middle171-172 or in the end that act covalently173-174 or noncovalently,175-177 3) light 
via incorporation of both a chiral end group and a photo-sensitive azobenzene motif178 
and 4) binding to anions179-182 or chiral guests.143,183-188  
In the absence of chiral or external perturbations, synthetic helical foldamers made up 
of achiral building blocks typically exist as a racemic mixture, and strategies allowing for 
their separation into enantiopure single-handed helical forms have yet to be 
demonstrated.189 We present here a bottom up tactic for obtaining unprecedented 
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conglomerate-forming helical foldamers that, upon chiral crystallization, spontaneously 
resolve into helices of single handedness without using any chiral auxiliary or external 
stimuli. 
 
3.2 Results and discussion 
It has been generally observed that helices of opposite handedness densely pack in the 
solid state via partial, e.g., side-by-side, overlap of aromatic backbones by virtue of 
aromatic - stacking forces (Figure 3.1a). This side-by-side overlap, however, seems to 
be energetically inefficient (see Table 3.4) and should not be favoured over full overlap 
of aromatic backbones that is only possible for the helices of the same handedness 
(Figure 3.1b). The exclusive occurrence of the former in the solid states is therefore a 
scientifically bewildering reality that remains to be understood at the fundamental 
level.72,150-151,190 A careful look into many helical foldamers with known crystal 
structures150-151,190 reveals a possible explanation to this perplexing fact and a possible 
means to realize one handedness induction. Our examination shows that most of the 
helices contain exterior or interior bulky side chains that prevent the aromatic backbone 
from an efficient overlap among the same handedness helices, and in all the cases 
studied, the helices contain two end groups (e.g., aromatic protons and other larger 
groups) that repel, rather than attract, each other through electrostatic interactions. We 
therefore envisioned that, by eliminating exterior and interior bulky side chains and in the 
mean time incorporating two “sticky” groups at the helical ends containing 
electrostatically complementary functional groups, the resultant helices might be able to 





Figure 3.1 Schematic illustrations of edge overlap among synthetic helices, structures of 
oligomers 5–7 studied and possible H-bonding modes formed between the two 
complementary “sticky” end groups (ester and Cbz). (a) Partial edge-overlap between the 
two helical aromatic backbones; (b) Energetically more favoured full-edge overlap 
involving helical aromatic backbones that could become possible if “sticky” ends (red 
and gray balls) are introduced; (c) Structures of oligomers 5–7. Both pentamer 7 and 
tetramer 5 contain two “sticky” end groups (ester and Cbz) that are complementary to 
each other while pentamer 6 contains no complementary end groups; (d) Some 
representative H-bonding modes and distances possibly formed between the end ester O-
atoms and Cbz aromatic protons that are electrostatically complementary to each other by 






1D columnar stack of the same handed helices that further associate intercolumnarly to 
form 3D ordered chiral crystal lattices. 
 To test the above hypothesis, the H-bond-rigidified pyridine-based pentamer 7 
containing two complementary “sticky” ends (ester and Cbz, Figure 3.1c-d) was 
conceived and used to help visualize the unprecedented foldamer-based chiral 
crystallization via complementarities in both shape and end functionalities, and to 
compare with the reported crystal structures of tetramer 5190 that does not contain a full 
helical turn (Figure 3.1c) and pentamer 6190 that contains a full helical turn but no 
“sticky” ends (Figure 3.1c) to better appreciate the important structural factors 
influencing the chiral crystallization in synthetic helical foldamers. The two “sticky” ends 
were designed to form weak H-bonds between ester O-atoms and Cbz aromatic protons, 
computationally stabilizing the helical stacks by 1.3 – 2.5 kcal/mol at the B3LYP/6-
311G(2d,p) level (Figure 3.1d). This is not a very substantial energetic contribution but 
we thought that the two “sticky” helical ends do not need to be very “sticky” so long as 
they do not repel each other as found in other synthetic helices. Under this hypothetic 
scenario, the attractive end-to-end interactions may cooperatively work with strong -π 
stacking forces to promote an efficient 1D chiral stacking among the helices of the same, 
rather than opposite, handedness. 
    The folding backbones of oligomers 5–7 are rigidified by internally placed high-
strength intramolecular H-bonds among the pyridine N-atoms and amide protons (Figures 
3.1c and 3.2a), and 7 was synthesized as reported in Chapter 2 (Scheme 2.1).72,190 
Crystals of 7 suitable for X-ray diffraction were initially grown by slow diffusion of 
methanol into 7-containing dichloromethane solution. All the crystals obtained were 
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verified to have a chiral space group, P212121, and contain a discrete chain of methanol 
molecules residing in the helical interior of 7. Due to an absence of heavy atoms, only 
one crystal with its flack value of 0.0(11) can be confirmed to arise from the pure left-
handed helices (M7•MeOH, Figure 3.2a), and the absolute handedness of all the other 
methanol-containing chiral crystals made up of either left- or right-handed (M or P) 
helices cannot be confidently deduced. To help determine the absolute handedness of the 
crystals, heavy elements such as chlorine atoms in a regular array need to be incorporated 
into the crystal lattices. In this regard, some 7-based crystals were purposely grown by 
slow evaporation or diffusion of hexane, acetone, or ethyl acetate into 7-containing 
dichloromethane (CH2Cl2). Gratifyingly, slow diffusion of acetone or ethyl acetate into 
CH2Cl2 indeed do lead to the chiral crystals containing regularly arrayed CH2Cl2 
molecules that produce anomalous dispersion effects, allowing the corresponding helical 
structures to be unambiguously determined to be left- and right-handed, e.g, M7•CH2Cl2 
(Figure 3.2b) and P7•CH2Cl2 (Figure 3.2c), respectively. 
From the crystal structures of M7•MeOH, M7•CH2Cl2 and P7•CH2Cl2, the existence of 
a strong intramolecular H-bonding network in 7 is apparent that restricts the 
conformational freedom of the amide bonds and induces the aromatic backbone of 7 to 
curve in one direction, and eventually into a helical conformation (Top and Bottom, 
Figure 3.2) as demonstrated similarly by helical pentamer 6.190 The enclosed cavity of 
about 2.75 Å in radius allows small guest molecules such as methanol or 
dichloromethane to sit inside the helical interior via stabilizing H-bonds between 7 and 





Figure 3.2 Crystal structures and 1D columnar packings by helically folded pentamer 7 
containing either MeOH or CH2Cl2 in their helical interiors. (a) Left-handed helices of 7 
(M7•MeOH); (b) Left-handed helices of 7 (M7•CH2Cl2); (c) Right-handed helices of 7 
(P7•CH2Cl2). Top, an individual pentamer molecule of 7, illustrating the pyridine N-
atoms (blue balls) and amide protons (gray balls) that participate in forming an 
intramolecular H-bonding network that induces the molecular backbone of 7 into a 
helical structure. Middle, complementary end groups from helical fragments, illustrating 
the formation of a weak intermolecular H-bond of C=OH-C type (dO–H = 2.44 Å, also 
see type V H-bond in Figure 3.1d) between the end ester O-atom (red ball) and Cbz 
aromatic proton (gray ball). The efficient overlap among helical backbones is clearly 
visible, too. Bottom, the complementary “sticky” end groups highlighted in dotted ovals 
“glue” single-handed helical pentamers, via numerous weak H-bonds of 2.44 Å in length, 
into an infinite single-handed helical chiral column along the crystallographic a axis, 
enclosing small molecules in a chain fashion. Another set of complementary end groups 
behind the columns were not shown, and CPK models of MeOH or CH2Cl2 at the bottom 
were built based on the van der Waals radius (gray: H = 1.20 Å; green: C = 1.70 Å; red: 
O = 1.52 Å; pink: Cl = 1.75 Å). 
59 
 
Table 3.1 X-Ray Crystal Data and structure refinement of M7•MeOH 
CCDC Number  838391 
Empirical formula  C40 H34 N10 O9 
Formula weight  798.77 
Temperature  90(2) K 
Wavelength  0.71073 Å 
Crystal system  Orthorhombic 
Space group  P2(1)2(1)2(1) 
Unit cell dimensions a = 10.3551(9) Å = 90°. 
 b = 13.6824(11) Å = 90°. 
 c = 25.595(2) Å  = 90°. 
Volume 3626.3(5) Å3 
Z 4 
Density (calculated) 1.463 Mg/m3 
Absorption coefficient 0.107 mm-1 
F(000) 1664 
Crystal size 0.36 x 0.16 x 0.14 mm3 
Theta range for data collection 1.69 to 27.50°. 
Index ranges -13<=h<=13, -15<=k<=17, -33<=l<=33 
Reflections collected 26021 
Independent reflections 8326 [R(int) = 0.0582] 
Completeness to theta = 27.50° 99.9 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.9852 and 0.9625 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 8326 / 31 / 571 
Goodness-of-fit on F2 1.056 
Final R indices [I>2sigma(I)] R1 = 0.0621, wR2 = 0.1338 
R indices (all data) R1 = 0.0815, wR2 = 0.1426 
Absolute structure parameter 0.0(11) 




Table 3.2 X-Ray Crystal Data and structure refinement of M7•CH2Cl2 
CCDC Number  838392 
Empirical formula  C40 H32 Cl2 N10 O8 
Formula weight  851.66 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Orthorhombic 
Space group  P2(1)2(1)2(1) 
Unit cell dimensions a = 10.5103(13) Å = 90°. 
 b = 13.6620(16) Å = 90°. 
 c = 25.537(3) Å  = 90°. 
Volume 3666.9(8) Å3 
Z 4 
Density (calculated) 1.543 Mg/m3 
Absorption coefficient 0.250 mm-1 
F(000) 1760 
Crystal size 0.60 x 0.20 x 0.18 mm3 
Theta range for data collection 1.59 to 27.49°. 
Index ranges -13<=h<=13, -16<=k<=17, -32<=l<=33 
Reflections collected 26068 
Independent reflections 8409 [R(int) = 0.0848] 
Completeness to theta = 27.49° 99.9 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.9611 and 0.9066 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 8409 / 35 / 572 
Goodness-of-fit on F2 1.101 
Final R indices [I>2sigma(I)] R1 = 0.0866, wR2 = 0.1850 
R indices (all data) R1 = 0.1167, wR2 = 0.2012 
Absolute structure parameter 0.0(2) 




Table 3.3 X-Ray Crystal Data of P7•CH2Cl2 
CCDC Number 838393 
Empirical formula  C40 H32 Cl2 N10 O8 
Formula weight  851.66 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Orthorhombic 
Space group  P2(1)2(1)2(1) 
Unit cell dimensions a = 10.5003(13) Å = 90°. 
 b = 13.6695(17) Å = 90°. 
 c = 25.510(3) Å  = 90°. 
Volume 3661.5(8) Å3 
Z 4 
Density (calculated) 1.545 Mg/m3 
Absorption coefficient 0.250 mm-1 
F(000) 1760 
Crystal size 0.40 x 0.18 x 0.16 mm3 
Theta range for data collection 1.60 to 27.50°. 
Index ranges -13<=h<=13, -17<=k<=16, -33<=l<=30 
Reflections collected 25780 
Independent reflections 8402 [R(int) = 0.0407] 
Completeness to theta = 27.50° 99.9 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.9610 and 0.9065 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 8402 / 35 / 572 
Goodness-of-fit on F2 1.067 
Final R indices [I>2sigma(I)] R1 = 0.0641, wR2 = 0.1579 
R indices (all data) R1 = 0.0764, wR2 = 0.1665 
Absolute structure parameter -0.08(18) 





Figure 3.3 1D and 3D chiral packings by 7 in M7•CH2Cl2 via complementary “sticky” 
end groups, aromatic - stacking forces and intercolumnar edge-to-edge contacts. (a) 
1D chiral stack containing two sets of complementary “sticky” end groups in front of 
(dotted ovals) and behind the column; (b) CPK representation illustrating a seamlessly 
formed 1D chiral stack that appears to be made up of a single polymeric chiral backbone 
rather than numerous oligomers; (c) Intercolumnar edge-to-edge contacts via partially 
charged exterior oxygen and hydrogen atoms that lead to the formation of a pseudo-
hexagonal arrangement of the 1D chiral stacks from (b). In green columns from (c), Cbz 
end groups point up, while in orange columns, it is the ester group that points up. These 
hexagons repeat two-dimensionally to form a 3D chiral lattice made up of the helices of 




  Importantly, the end groups designed to be complementary and “sticky” turn out to be 
complementary to each other, and stick to each other to form a weak H-bond between the 
ester carbonyl O-atom and Cbz aromatic proton (Middle, Figure 3.2) by virtue of type V 
H-bonding mode (Figure 3.1d). These numerous feeble but “attractive” H-bonding forces 
enable the helices of the same handedness to efficiently pack on top of each other via full 
overlap of helically folded aromatic backbones to form a one-handed helical column 
(Bottom, Figure 3.2). 
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 As represented by the left-handed crystal structure of M7•CH2Cl2 in Figure 3.3a, all the 
1D chiral columnar stacks contain two sets of identical complementary “sticky” end 
groups located in front of and behind the helical columns. They “seamlessly” glue 
numerous helices of the same handedness into a 1D chiral stack that appears to be built 
from a single chiral polymeric backbone, rather than from a copious amount of short 
oligomers (Figure 3.3b). This points to a potentially realizable strategy for constructing 
single-handed chiral polymers by introducing some reactive chemical handles into the 
exterior or interior of the pentameric backbone and cross-linking, through chemical 
conjugation reactions, these one-dimensionally arrayed pentamers to form a “seamlessly” 
integrated chiral polymeric backbone. In the 3D sense, the 1D chiral columns are 
regularly spaced with a center-to-center distance of 13.7 Å to form a pseudo-hexagonal 
arrangement. These pseudo-hexagons recur in the 2D space, leading to the formation of a 
3D chiral crystal lattice. 
 Obtaining these chiral crystals suggests a selection process that differentiates helices of 
opposite handedness during the crystal growth. Presumably, this selection is governed by 
both attractive end-to-end interactions and favourable aromatic π-π stacking forces. For 
comparison, tetramer 5 whose main backbone excluding Cbz group is too short to furnish 
a helical turn probably lacks sufficiently enough driving forces from aromatic π-π 
contacts despite the fact that 5 does contain complementary “sticky” end groups. 
Accordingly, 5 does not form a 1D chiral stacks and only racemic helices sterically 
induced by Cbz groups are found in the crystals where the Cbz groups adopt two 
different orientations that are roughly perpendicular to or in parallel with the main 
backbone.190 On the other hand, pentamer 6 is long enough to take up a helical shape, and  
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Table 3.4 Computationally determined driving forces dictating the energetic profilesa 




 M7•MeOH M7•CH2Cl2 P7•CH2Cl2 
Eπ (kcal/mol) 30.11 29.80 29.95 
Eπ’ (kcal/mol) 22.91 22.75 
EH (kcal/mol) 1.15 b 1.14 b 1.14 b 
EIC (kcal/mol) 45.57 45.03 46.74 
 
a These energies originate from fully overlapped aromatic π-π stackings (Eπ) and weak 
intermolecular H-bond formed between the two “sticky” end groups (EH), both of which 
dictate the formation of 1D chiral stacks of the same handed helices. Also computed are 
the partially overlapped aromatic π-π stackings (Eπ’) and the binding energy per helical 
pentamer (EIC) responsible for the formation of the ordered 3D chiral lattice via 
intercolumnar edge-to-edge contacts. All these energies were calculated using dreiding 
force field.191  
b Obtained after single point energy calculations at the level of B3LYP/6-311G(2d,p). 
The crystallographically determined distance of the H-bond between the two “sticky” end 










thereby able to provide adequate driving forces for full overlap involving helical 
backbones. Undesirably, the two end groups composed of aromatic protons repel each 
other, resulting in the disruption of otherwise possibly formed chiral stacks. In this case, 
achiral crystals are also found where helices of opposite handedness interact more 
strongly than the corresponding same handed helices.190  
 A quantitative understanding of the driving forces underlying the formation of both 1D 
chiral stacks and 3D chiral lattice was provided by carrying out computational 
investigations using dreiding force field (Table 3.4).191 Single point energy calculations 
on the corresponding structural motifs directly taken out from their crystal structures 
yield the binding energies of varying components (Eπ for aromatic aromatic π-π stacking 
via full overlap and EIC for the formation of the ordered 3D chiral lattice via 
intercolumnar edge-to-edge contacts as illustrated in Figure 3.3c). To derive the binding 
energy (EH, Table 3.4) of the weak H-bond formed between the ester carbonyl O-atom 
and Cbz aromatic proton from the two “sticky” ends (Middle, Figure 3.2), short 
fragments identical to type V in Figure 3.1d were taken directly from the crystal structure 
and were computed at the level of B3LYP/6-311G(2d,p). The binding energy (Eπ’, Table 
3.4) for the partially overlapped helical backbones were computed based on the helical 
structural motifs from the crystal structures that have been computationally optimized to 
furnish a reasonable dimer structure comprising both left- and right-handed helices 
(Figure 3.1a and Table 3.4). From the energies tabulated in Table 3.4, it can be seen that 
efficient aromatic stacking is the major driving force, contributing ~ 30 kcal/mol per 
helical pentamer into the 1D chiral stack that is further stabilized by weak yet 
indispensable intermolecular H-bonds of ~ 1.1 kcal/mol in strength. Association of the 
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formed 1D chiral stacks into a 3D chiral crystal lattice via intercolumnar edge-to-edge 
contacts is greatly facilitated by the exteriorly arrayed partially charged O- and H-atoms, 
providing a binding energy of ~ 46 kcal/mol per helical pentamer and allowing the 
pseudo-hexagonal arrangement involving seven pentamers (Figure 3.3c) to repeatedly 
extend over the 2D space. As a good reference, partial overlap of helical backbones 
generates ~ 23 kcal/mol per pentamer (Figure 3.1a and Table 3.4), a value that is ~ 7 
kcal/mol less than the full overlap. 
 
3.3 Conclusion 
    In summary, we provide here a first example on the synthetic helical foldamers where 
the chiral crystallization proceeds without resorting to chiral or external perturbations by 
utilizing the two complementary “sticky” groups at the two ends of the helically folded 
molecular strands. By further taking advantage of the fact that full overlap of helical 
backbones is energetically more favored over the corresponding partial overlap by ~ 7 
kcal/mol in our case, these “sticky” ends direct the helical foldamers of suitable lengths 
to pack on top of each other, forming 1D chiral stacks and subsequently a 3D chiral 
crystal lattice. This strategy may promise some general utilities in yielding single-handed 
helices not only in synthetic foldamers of varying types that are oligomeric in 
nature116,118,122,125,128-138,144-146,148-149,153,162-165,192-196 but also in polymers,197 and therefore 






3.4 Experimental Section 
3.4.1 Ab Initio Molecular Modeling 
All the calculations were carried out by utilizing the either the Gaussian 09158 program 
package. The geometry optimizations were performed at the density functional theory 
(DFT) level, and the Becke’s three parameter hybrid functional with the Lee-Yang-Parr 
correlation functional (B3LYP)159 method was employed to do the calculations. Unless 
otherwise stated, the 6-311+G(2d, p)161 basic from the Gaussian basis set library has been 
used in all the structural optimization and single point energy calculations. The harmonic 
vibrational frequencies and zero-point energy corrections were calculated at the same 
level of theory.  
 
3.4.2 Theoretical Computations by dreiding force field191 
In this paper, the dreiding force field191 is used to optimize the geometry and calculate the 
energy of all the structural motifs taken from the respective crystal structures as tabulated 
in Table 3.4. The convergence tolerance is 2 x 10-5 kcal/mol for the energy, 0.001 
kcal/mol/A for the force, 0.001 GPa for the stress and 10-5 A for the displacement. The 
Ewald method is used for calculating the electrostatic and the van der Waals terms. The 
accuracy is 10-5 kcal/mol. The repulsive cutoff is 6 Å for the van der Waals term. For the 
hydrogen bond term, the summation method is atom based and the truncation method is 
cubic spline with cutoff distance of 4.5 Å. For the isolated helical pentamer or dimer 
made up of two pentamers, these molecules are put in a three dimensional cubic box with 
every lattice length to be 100 Å to avoid the interaction of the molecules with their mirror 
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counterparts. During the optimization the box is fixed and only the molecules are 
optimized for the isolated case. For the 1D or 2D cases, where the molecules repeat 
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Synthesis, Structural Investigation and Computational Modeling of 
Water-Binding Aquafoldamers  
4.1 Introduction 
 Aquaporins are a group of specialized transmembrane proteins that forms hydrophobic 
pore system across the cell membrane.4,6-8 Four of these proteins, in the tetrameric form, 
form a water channel across the lipid bilayer allowing for the transportation of water 
molecules, in a 1D chain-like arrangement, across the membrane.67-69 Since majority of 
the cell’s or tissues’s content are made up of water, a medium in which all the processes 
and chemical reactions occur, aquaporins thus play an important and critical role in 
regulating the water content of the cell, maintaining body-fluid balance, sustaining vital 
processes and ensuring proper body functions.4 Although aquaporins are of vital 
importance in biological systems, these protein systems are however very complex, thus 
making the understanding of these protein systems very time consuming and difficult. In 
this respect, by synthesizing artificial water channel that can mimic aquaporins to a 
certain degree of related functionality, we would be able to learn and understand more 
about these protein systems. On top of that, the possible use of water-transporting 
aquaporins for wastewater reclamation and re-use as well as seawater desalination is 
being investigated industrially by a company called Aquaporin. However, significant 
challenges associated with manipulating channel proteins in terms of complexity, 
stability, availability and activity reconstitution still exist. An alternative strategy is to 
design small molecule-based synthetic water channels that can mimic aquaporins to a 
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certain degree of related functionality for various applications including water 
purification. Toward this goal, we have been interested in designing water-binding 
aquafoldamers as illustrated by oligoamides 1-572,190 with an ultimate aim to realize the 
synthetic water channels for rapid, efficient transportation of water molecules while 
excluding all the other molecular species. 
 There have been a few different approaches to mimic aquaporin water channel, namely 
using supramolecular approach73-74,198-201 and metal-organic framework approach.75-76 
These water hosts have usually relied on conformationally more flexible organic or 
organometallic molecules with respect to foldamers whose well defined backbones are 
primarily stabilized by non-covalent forces such as π–π stacking interactions, 
solvophobic forces and H-bonds. Interestingly, despite their great diversities,116-123,125-
126,162,164-165,202-211 only a few foldamer molecules of similar type have been reported by 
Lehn and Huc.70-71,87,131,212 Some of these bio-inspired water hosts had also been shown to 
be able to host a 1D helical chain of water molecules in its framework, reminiscent of 
aquaporins. Here we describe our approach using pyridine-based aquafoldamers 1–6, 10–
11 that fold into a crescent structure to enclose a defined water-binding cavity by 
intramolecular H-bonding networks.128-139,141-146,148-154,192-195,213-218 The elongated 
aquafoldamers with sufficiently long enough backbones may function as synthetic water-
transporting channels. In this article, detailed characterizations of the water-binding 
aquafoldamers composed of up to five repeating units were carried out using X-ray 
crystallography, variable temperature 1H NMR experiments, 2D NOESY studies and ab 
initio molecular modelling. 
4.2 Results and discussion 
74 
 
4.2.1. Synthesis of the pyridine-based aquafoldamers 
 
  
 The synthesis and the studies on the pyridine-based foldamers 1–3 and 5–6 had been 
reported in Chapter 2,72,190 demonstrating that with an increasing addition of the pyridine-
based building blocks, the elongated backbone becomes increasingly curved in one 
direction as a result of the stabilizing forces from the progressively lengthened 
intramolecular H-bonding network.150-154,192-194,216-218 This new class of aromatic 
foldamers closely mimics the helicity requirement by π-helices where about 4.3 units are 
required for each helical turn. This value also closely resembles the tetrameric 
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arrangement of the aquaporin required to furnish a water channel in the membrane. The 
synthesis of these aquafoldamers 1–3 and 5–6 had already been described in Scheme 
2.1.190 Similarly, aquafoldamers 10 and 11 were synthesized using the same strategy 
using commercial available pyridine-2,6-dicarboxylic acid (2m) and diethyl oxalate (4a). 
12 steps were required for the synthesis of pentamers 6 and 11 with an overall yield of 
about 1 %.  
 
 
Scheme 4.1 Synthesis of pyridine-based monomer amine 4g.a 
 
 
a a) sodium ethoxide, EtOH, then acetone; b) conc. HCl; c) 10% aq. NH3; d) SOCl2, 
MeOH; e) K2CO3, CH3I, DMF, reflux; f) KOH, MeOH; g) NMM, ethyl chloroformate, 





 The synthesis of aquafoldamer 10 required another type of monomeric building block 
that had not been described in Chapter 2. Monomeric building blocks 4g was prepared 
according to Scheme 4.1. Monomer amine 4g was obtained in 8 steps starting from 
diethyl oxalate 4a as the starting material. Diacid 4b219 was obtained after three steps: 
diethyl oxalate first underwent a Claisen condensation reaction with acetone using 
sodium ethoxide as the base, followed by a cyclization reaction in the presence of 
concentrated HCl and subsequent treatment with 10% aqueous ammonia solution. 
Esterification of diacid 4b using thionyl chloride in methanol afforded dimethyl ester 
4c.220 The hydroxyl group, meta to the ester functionality, then underwent an alkylation 
reaction using potassium carbonate and methyl iodide to generate the alkylated product 
4d in 73% yield. Similar to the procedure to obtain monomer amine 2p (Scheme 2.1, 
Chapter 2), the diester 4d was subjected to a series of reactions consisting of 
monohydrolysis, Curtius rearrangement and catalytic hydrogenation to produce amine 
building block 4g.   
 Following the elaboration of the synthetic routes for the efficient preparation of the 
various monomeric building blocks, aquafoldamers 10 and 11 were then prepared 
according to Scheme 2.1 and 4.2 using a step-by-step approach with the various 
monomeric building blocks. Using the oligoamide acid 2r or 2t that were reported in 
Chapter 2 (Scheme 2.1), an acid chloride was then generated from these acid by treating 
them with oxalyl chloride and a few drops of DMF in CH2Cl2 at room temperature. The 
trimer 10 or pentamer 11 were then synthesized by adding monomer amine 4g or 
commercially available 2,6-diaminopyridine respectively to the generated acid chloride 
together with triethylamine in CH2Cl2 (Scheme 4.2). 
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Scheme 4.2 Synthesis of aquafoldamers a) 10 and b) 11.a  







































4.2.2 Solid state structure of aquafoldamers 6, 10 and 11  
 The crystal structures of pyridine-based oligoamides 2, 4, 5 and 6 had been reported in 
Chapter 2.72,190 These pyridine-based H-bond enforced folding backbones of oligoamides 
have been recently confirmed to have a crescent structure in both solution and solid 
states. Longer oligomers such as tetramer 5 and pentamer 6 take up a helical 
conformation that requires about 4.3 repeating units per helical turn.190 The inward-
pointing amide protons (H-bond donors) and pyridine nitrogens (H-bond acceptors) in 2–
6 enclose a cavity of about 2.5 Å and 3.1 Å in radius, respectively, and seem to be large 
enough to accommodate water molecules. 
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 Experimentally, obtaining water complexes turned out to be not that straightforward. 
After screening numerous conditions involving various combinations of all the common 
organic solvents by methods of either slow evaporation or diffusion, oligoamide 3 cannot 
be crystallized out under all the conditions tested, crystals of 4 and 10 can only be 
obtained respectively from acetone and dichloromethane by slow evaporation, and slow 
diffusion of cyclohexane into dichloromethane over a long period of a few weeks led to 
X-ray quality crystals for 5 and 6. X-ray quality crystal for 11 was also obtained from 
slow diffusion method using chloroform and ethanol as the solvent.   
 Examination of these crystal structures reveals the absence of water molecules in both 
4 and 5. Since 4 was crystallized from water-sequestering acetone molecules, seclusion of 
trace amounts of acetone-solvated water may occur that prevents 4 from binding to water 
molecules. In 5, rather than water molecules, dichloromethane molecules were either 
trapped in the crystal lattice or bound by 5 in its cavity. In this case, a need to have 
efficient crystal packing possibly may discourage the inclusion of water molecules in the 
crystals. 
 Nevertheless, the water-binding abilities of this series of pyridine-derived cavity-
enclosing oligoamides can be proven by the water-containing crystal structures of 6, 10 
and 11. Of further interest to note was that crystals of 6 and 10 were crystallized from 
water-immiscible solvents such as dichloromethane and cyclohexane, and only trace 
amounts of water molecules can be found under these crystallization conditions. 
 The crystal structure72 of trimer 10 expectedly shows a crescent-shaped structure as 
those foldamers reported earlier190 (Figure 2.3, Chapter 2) as a result of an efficient 




Figure 4.1 (a) Cylindrical packing by trimer 10; blue solid arrows indicate the weak H-
bond formed between the pyridine nitrogen and the respective closer proton from water 
dimer. (b) Intermolecular H-bonds of varying lengths found among trapped water 
molecule, amide protons, pyridine nitrogen atoms and ester oxygen atoms in 10; atoms 
participating in H-bonds are represented by small balls of varying colors. (c) 
Unconventional water dimer cluster from (a) that is mediated by the van der Walls 
interaction involving two hydrogen atoms (dH–H = 2.253 Å). H-bonds in b) are shown as 
dotted red lines. 
 
 
H-bonding network made up of five H-bonds (Figure 4.1). Molecules of 10 stack in a 
linear, cylindrical fashion with about an 180 o offset from each other, due to the benzene 
ring of the carboxybenzyl (Cbz) protecting group lying in a perpendicular position to the 
plane of the aromatic backbone (Figure 4.1a). The five intramolecular H-bonds formed 
between amide protons and neighbouring pyridine nitrogens had H-bonding distances 
 2.467 Å 
2.434 Å 
2.461 Å 






  2.665Å 
    2.665Å 
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between 2.144 Å to 2.347 Å in length. The resultant H-bond enforced small cavity in 10 
had a radius of ~ 2.51 Å, measured from the centre of the cavity to the amide proton and 
was found to enclose a water molecule in each asymmetric unit despite using a non-polar 
solvent, dichloromethane, with low water content as the crystallizing medium. The water 
molecule sat almost in the centre of the cavity (Figure 4.1b) with its oxygen atom 
forming a medium strength H-bond (dO–H = 2.467 Å) with the amide proton of Cbz group 
and two weak H-bonds with the other two amide protons (dO–H = 2.909 and 2.901 Å). 
One of the water additionally formed two medium strength H-bonds with the pyridine 
nitrogen (dH–O = 2.434 Å) and the ester oxygen (dH–O = 2.462 Å). The other water proton 
formed a medium strength H-bond with the pyridine nitrogen (dH–O = 2.665 Å, Figure 
4.1a) that stays below or above the proton. 
     Interestingly, the arrangement of the two water molecules in the cluster observed in 10 
was quite unusual: there was no intermolecular H-bond found in the water dimer (Figure 
4.1c), making it not belong to any of the 16 unique water dimer clusters suggested by 
Dyke that invariably each contained one intermolecular H-bond.221-222 Instead, the water 
molecules in the cluster were in close contact with each other through the hydrogen-
hydrogen interaction with a H•••H distance of 2.253 Å that was ~ 0.15 Å less than twice 
the van der Waals radius of hydrogen atom (VdW = 1.20 Å). The distance between the 
two water oxygens is 3.504 Å. As the water dimer clusters elongated to form a discrete 
infinite water chain in the supramolecular system, a zig-zag-like formation of the water 
dimers was observed, with a distance of 6.92 Å between the two adjacent water 
molecules on the same side, which was approximately twice that of the typical 
intermolecular π-π stacking distance (Figure 4.1a). This unconventional water dimer 
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cluster was formed possibly as a result of strong intermolecular H-bonds between the 
water molecule and the protons and nitrogens of trimer 10 (Figure 4.2b) that “freeze” the 
water molecule in the cavity of 10, followed by the aromatic π-π stacking forces that 
packed the water-containing 10 in a way that brings pairs of water molecules in close 
proximity, yet without allowing them to reorient as they would since their rotations were 
greatly restricted by intermolecular H-bonds. 
 Similar to 10, water molecules were also found in the cavity of pentamer 6 and 11. But 
differing from 10 that enclosed one water molecule per molecule of 10, every molecule 
of 6 and 11 were able to accommodate two waters in its cavity. Apparently, this 
difference can be attributed to the differential structures between them: while 10 adopted 
a planar structure and so contains a roughly 2D planar cavity, 6 and 11 being helically 
folded enclosed a cavity that was 3D-shaped. 
In 6, there were nine intramolecular H-bonds ranging from 2.133 to 2.394 Å that led to 
a helical conformation to enclose a small cavity with a radius of about 2.57 Å, measured 
from the centre of the cavity to the amide proton. Its 3D packing was stabilized by two 
very strong H-bonds existing among the water dimer and the carbonyl oxygens from the 
two end amide and Cbz groups (dH–O = 1.946 and 1.916 Å, respectively, Figure 4.2a and 
4.2b). In this case, the water dimer cluster also served as an exo-bidentate ligand, 
bridging molecules of 6. Since the H-bonding was very strong, the water molecules may 
had played an important role in directing the arrangement of the molecules in the crystal 
lattice, resulting in the lowest energy state in the solid state, not being a helical rod as we 
might had anticipated. And the water clusters formed a zig-zag-like chain with an 




Figure 4.2 (a) Intermolecular zig-zag packing by pentamer 6. (b) Intermolecular H-bonds 
of varying lengths found among trapped water molecule, amide protons, pyridine 
nitrogen atoms and ester oxygen atoms in 6; atoms participating in H-bonds of within 3.0 
Å are represented by small balls of varying colours and strong H-bonds are labelled with 
the H-bond lengths. (c) Conventional water dimer cluster from (a) or (b) that is mediated 
by one strong H-bond of 1.849 Å with a very short interatomic distance of 2.71 Å 
between the two water oxygens. In both (a) and (b), carbonyl oxygen atoms from the two 
ends form two strong intermolecular H-bonds with the water dimer cluster and are 
indicated by single-headed solid lines. H-bonds in b) are shown as dotted red lines. 
 
 
oxygens (Figure 4.2a). The water dimer cluster in 6 was stabilized by forming two strong 
H-bonds with the pyridine nitrogen (dH–N = 1.894 Å) and Cbz amide proton (dO–H = 1.937 
Å), one medium strength of H-bond (dO–H = 2.371 Å) with amide proton, and other weak 
H-bonds of less than 3.0 Å with other amide protons (Figure 4.2b). Out of five pyridine 
nitrogen atoms, only the one from the first pyridine ring at one end participates in 





 1.946 Å 
c)        
1.916 Å 




forming a strong H-bond with the water dimer (dH–N = 1.894 Å, Figure 4.2b). As 
illustrated in Figure 4.2c, seemingly like a conventional water dimer containing a strong 
H-bond (dH–O = 1.849 Å), the O–O distance was however found to be very short at 2.708 
Å for the water dimer cluster found in 6. This distance is even shorter than that observed 
in regular ice (dH–O = 2.74 Å), an indication of the strong and positive cooperativity in the 




Figure 4.3 a) Crystal structure for water complex of 11•2H2O, encapsulating a 
conventional water dimers in 11•2H2O. The Cbz group in 11 is represented as the dummy 
atom in yellow. b) Conventional water dimer cluster that is mediated by one strong H-
bond of 1.936 Å. 
 
 
In 11 (Figure 4.3), ten intramolecular H-bonds (2.130–2.491 Å) were similarly found 
among pyridine N-atoms and amide H-atoms. These H-bonding forces led to a helical 
conformation in 11 that enclosed a small cavity of ~2.7 Å in radius, measured from the 
centre of the cavity to the amide proton. A water dimer was thus trapped in the helical 
cavity of 11 with intermolecular H-bonding distances between the water molecules and 
11 ranging from 1.93 Å to 2.76 Å. The water molecules further served as an exobidentate 
ligand, bridging the neighbouring two molecules of 11 in a stair-like formation. 




4.2.3 Water complexes 
      
Figure 4.4 Computationally determined structures for 1:1 water complexes n•H2O (n = 
1, 2, 5, 6, 10 and 11) at the B3LYP/6-311G+(2d,p) level in gas phase. The corresponding 
binding energies per water molecule are shown below the structures. The crystal structure 
of 5 containing one CH2Cl2 molecule in its cavity is shown in (g). Both water and CH2Cl2 
molecules are shown as CPK models. In the computed structures, all the water molecules 
are H-bonded to the amide H-atoms or pyridine N-atoms from the aquafoldamer hosts. 
Cbz groups are represented as the dummy atom in yellow. 
 
 
 Ab initio calculations performed on 1, 2, 5, 6, 10 and 11 at the level of B3LYP/6-
311G+(2d,p)158 showed that the 1:1 water complexes of n•H2O (n = 1–3, 5, 6, 10 and 11) 
had a respective stability of 9.07 (1), 10.18 (2), 11.81 (3), 11.97 (5), 9.80 (6), 12.18 (10), 















complex of 5•H2O was found to be energetically very favoured (11.97 kcal/mol, Figure 
4.4d), 5 crystallographically encapsulated only CH2Cl2 molecules, rather than water 
molecules, in its cavity with a calculated binding energy of 2.28 kcal/mol per CH2Cl2 
molecule (Figure 4.4g). Further, the computationally determined water position in 10 
(Figure 4.4c) differed from that found in its crystal structure (Figure 4.1a). These 
discrepancies suggested that the computationally determined energetic favourability order 
can be possibly overridden by the crystal packing effect. 
 
 
Table 4.1 Binding energies for water complexes and water dimers found in 10•H2O, 
6•2H2O and 11•2H2O in gas phase. 
Binding energy (kcal/mol) 10•H2O 6•2H2O 11•2H2O 
n + mH2O  n.mH2O a 7.61 10.73 7.97 
2H2O (H2O)2 b 2.22 3.88 3.58 
 
a For instance, n = 10 and m = 1 for  10•H2O. b For comparison, the computationally 
derived binding energy for the most stable water dimer is 5.21 kcal/mol. 
 
 
             
 The energetic profiles of the H-bonding networks in 6, 10 and 11 were provided by 
carrying out single point energy calculations at the B3LYP/6-311G+(2d,p) level on the 
corresponding structural motifs directly taken out from their crystal structures. 
Computationally at the level of B3LYP/6-311G+(2d,p), the H-bonding networks around 
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the water molecules in 10, 6 and 11 provided a respective stabilizing energy of 7.61 
kcal/mol, 10.73 kcal/mol and 7.97 kcal/mol for forming the water complexes (Table 4.1). 
To provide some clues on the stability of the observed water dimer clusters, 
computational calculations at the level of M06-2X/aug-cc-pvtz223 were performed. To 
derive the binding energy that dictates the formation of unconventional water dimer 
cluster in 10, the crystallographically determined distance of 2.253 Å between two 
hydrogen atoms was fixed (Figure 4.1c) while other atoms and parameters in the dimer 
cluster were fully relaxed and computationally optimized. Similarly, for conventional 
water dimer cluster found in 6, the interatomic distance of 2.708 Å between two water 
oxygen atoms and the H-bonded O-H•••O angle of 155.1o from the crystal structure were 
fixed (Figure 4.2c), which was then subjected to the structural optimization 
computationally. The water dimer cluster in 11 was given the same treatment as in 6. By 
comparing with the energy of the fully optimized water monomer that forms no H-bond, 
the binding energies of the trapped unconventional and conventional water dimer clusters 
were computed to be 2.22 kcal/mol, 3.88 kcal/mol and 3.58 kcal/mol, respectively for 
aquafoldamers 10, 6 and 11 at the level of M062X/aug-cc-pVTZ (Table 4.1). For a 
further comparison, the most stable fully optimized H-bonded water dimer has a binding 
energy of 5.21 kcal/mol. In other words, the binding energy found in the most stable 
conformer of the water dimer was worth about 5.21 kcal/mol while those of the water 
dimers found in 10, 6 and 11 were destabilized by 2.99 kcal/mol, 1.33 kcal/mol and 1.63 
kcal/mol respectively, due to the structural restrictions imposed by the surrounding 




4.2.4 One-dimensional 1H NMR studies of the water complexes 
  
Figure 4.5 Expanded 1H NMR spectra of aromatic regions for dimer 2, trimer 6, tetramer 
5 and pentamers 10 and 11 at 5 mM at 300 K in “dry”, “normal” and “wet” CDCl3 
respectively shown from top to bottom. The shaded gray regions highlight differences in 
the chemical shifts of amide protons observed for 10 and 11, and possibly also for 6, 











 The bound water molecules in the cavity of 2, 5–6, 10–11were further investigated by 
1H NMR in the deuterated chloroform with varying water contents. More specifically, 5 
mM of each of the oligoamide was prepared using (a) “normal” CDCl3 directly taken 
from the bottle, (b) “wet” CDCl3 saturated with water and (c) “dry” CDCl3 dried by 
activated A4 molecular sieves. The corresponding 1H NMR of the samples were recorded 
to examine the dependence of the chemical shifts of the amide protons on the water 
contents, which served as an indicator on the water-binding ability of these molecules.  
 For 2, it was observed that varying water contents essentially produces no changes 
among the NMR spectra recorded in “normal”, “wet” and “dry” CDCl3 (Figure 4.5), 
indicating an inability for 2 to trap water molecules due to the open nature of its cavity. 
Accordingly, the amide protons in 2 did not H-bond to the water molecules, and thus no 
appreciable changes in the chemical shifts of the amide protons could be observed. This 
observation was consistent with the fact that no solvent or water molecules can be found 
in the crystal lattice of 2. 
    Similar to 2, the water content exhibited little effect on the chemical shifts of the amide 
protons in 5 (Figure 4.5), which was crystallographically verified to be incapable of 
binding water molecules. But we found it difficult to explain this unusual behaviour by 5 
as compared to other oligomers such as 10 and 11 of the same series. 
    In contrast to 2 and 5 and consistent with their water-binding ability, significant 
differences were observed for 1H NMR spectra of both aquafoldamers 10 and 11 in 
CDCl3 containing varying water contents (Figure 4.5). In general, the amide protons 
signals larger than 10.2 ppm shifted most downfield in the “wet” CDCl3, while in “dry” 
CDCl3, the signals shifted most upfield as compared to the “normal” and “wet” CDCl3. 
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The Cbz amide protons around 7.8 ppm for 10 and 7.5 ppm for 11 followed the same 
trend. These results were expected for aquafoldamers capable of binding water molecules 
because as the water contents in the solvent increased, the percentage of water complexes 
vs “free” oligomer increased too, making the amide protons in average more deshielded 
and resulting in a downfield shift in the amide proton signals.   
 Taking 10 as an example, the proton signal for amide proton Ha shifted downfield from 
δ = 10.34 ppm in “dry” CDCl3 to 10.37 ppm in “normal” CDCl3 and to 10.40 ppm in 
“wet” CDCl3. The other two amide protons Hb and Hc display a similar trend (Table 4.2). 
Being similar in structure, the behaviour of the amide protons in 3 was the same as those 
in 10 in CDCl3 containing varying water contents (Table 4.2). 
 As to 6, a small difference in 1H NMR spectrum between “wet” and “dry’ CDCl3 does 
exist, but comparison of all the three spectrum including that in “normal” CDCl3 gives 
inconclusive information on whether 6 entraps water molecules in its cavity or not in 
solution even though a water dimer is bound in its cavity in the solid state (Figure 4.2). 
    Cooling the samples from 300 K to 223 K causes the most peak broadening in 5 and 11 
(Figure 4.6), second most in 6 and essentially no broadening in 2, 3 and 10, suggesting 
that aromatic π–π stacking interactions in 5 and 11 are somewhat stronger that those in 6. 
2D NOESY experiments, ab initio calculations and 1H NMR at varying concentrations 
were performed to probe for this unusual abnormality, and the findings obtained are 
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Chemical Shift (ppm) 
Ha Hb Hc 
3 
Dry 10.37 10.23 7.83 
Normal 10.39 10.25 7.87 
Wet 10.45 10.31 > 7.90 a 
10 
Dry 10.34 10.22 7.83 
Normal 10.37 10.26 7.91 
Wet 10.40 10.29 > 7.92 a 
 






Figure 4.6 1H NMR spectra of 5, 6 and 11 at 5 mM in “normal” CDCl3 at (a) 300 K and 
(b) 223 K, illustrating significant aggregations in 5 and 11 while aggregation in 6 is 
barely noticeable at 223 K. 
 
 
4.2.5 2D NOESY studies of the water complexes 
 Given that the NOE contacts become detectable if the inter-atomic distance is less than 
5 Å, a distance that is apparently longer that most of interatomic distances among H-
atoms in water and water-containing aquafoldamers, observable NOE contacts among 
these H-atoms in close proximity are anticipated. Accordingly, these water complexes 
were further probed using 2D NOESY experiments. We further thought “freezing” all the 
atoms at low temperatures such as 223 K may make it possible to separate the “bound” 
water from “free” water,7e and to allow for an observation of NOE contacts between 
aquafoldamers and “bound” water molecules to provide direct evidences for the presence 
of bound water in the cavity of these aquafoldamers in solution. 
 2D NOESY experiments were then performed on trimer 10 and pentamer 6 at 223 K in 










Figure 4.7 Expanded 2D NOESY (223 K, “normal” CDCl3, 500 MHz, mixing time = 
500 ms) spectra of (a) 10 at 10 mM, showing the NOE contacts between the bound water 
molecule and the amide protons of 10,  (b) 6 at 5 mM, showing the NOE contacts 
between the bound water molecule and the amide protons of 6, (c) 5 at 10 mM, showing 
the NOE contacts between the amide and ester methyl protons and (d) 11 at 5 mM, 


























































Figure 4.8 Full 2D NOESY spectrum containing NOE contacts between the (1) amide 
protons and encapsulated water and (2) amide protons and “free” water in 10 as revealed 


























Figure 4.9 Full 2D NOESY spectrum containing NOE contacts between methyl ester 
protons and amide protons seen in 5 as revealed by 2D NOESY study (10 mM, 223 K, 
CDCl3, AMX500 (500 MHz), mixing time = 500 ms). 
ppm









































Figure 4.10 Full 2D NOESY spectrum containing NOE contacts between the amide 
protons and encapsulated water in 6 as revealed by 2D NOESY study (5 mM, 223 K, 
CDCl3, AMX500 (500 MHz), mixing time = 500 ms). 
ppm











































Figure 4.11 Full 2D NOESY spectrum containing NOE contacts between the amide 
protons and amine protons in 11 as revealed by 2D NOESY study (5 mM, 223 K, CDCl3, 
AMX500 (500 MHz), mixing time = 500 ms). 
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new downfield-shifted peak ascribable to “bound” water molecules appeared in the 1H 
NMR spectrum of 10 (Figure 4.7a and Figure 4.8). NOE contacts between the amide 
protons including that in Cbz group and protons from the water molecule bound in the 
cavity of 10 were clearly seen (Figure 4.7a and Figure 4.8). These NOE contacts are 
consistent with the results obtained from the 1H NMR studies carried out using CDCl3 of 
varying water contents (Figure 4.5) where the chemical shifts of the amide protons 
progressively downfield shift upon increasing water content in CDCl3. For 6, similar 
NOE contacts between “bound” water and amide protons of 6 were observed while it 
appears that no “free” water molecules are present in solution (Figure 4.7b and Figure 
4.10). 
 However, it still remains unclear to us as to why the 2D NOESY study of 11 at 223 K 
in “normal” CDCl3 did not give rise to any NOE contacts between water and 11. 
Nevertheless, two important interactions between the amide protons and the amine 
protons in 11 were observed (Figure 4.7d and Figure 4.11). One of these two NOE 
contacts is in good accord with the short distance of 2.768 Å between the end amine 
group and the amide proton involved in the three-center H-bonds at the other end, 
suggesting that the helical structure found in solid state also persists in solution.  
 Surprisingly, strong NOE contacts between the amide protons and the end ester methyl 
protons in 5 were observed at 223 K (Figure 4.7c and Figure 4.9). Crystallographically, 
conformers 5A and 5B are found with its methyl group staying away from the center of 
the cavity, resulting in the interatomic distances between methyl protons and amide 
protons excluding Cbz amide proton much larger than 5 Å. Only in 5C, there exist at 
least two interatomic distances among methyl protons and the three amide protons Ha, 
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Hb and Hc that are shorter than 5 Ǻ, accounting for the observed NOE pattern in Figure 
4.7c. We therefore thought that at 223 K, 5 probably existed in a form of 5C in solution 
where the ester methyl protons point into its cavity, thus preventing the water molecule 































































4.2.6 Ab initio studies of the conformers of 5 and dimeric structures  
 Presumably due to the predominant occurrence of conformer 5C in solution, water 
molecules cannot enter the cavity in 5. Ab initio computations were then carried out to 
investigate the likelihood of 5C as the major conformer with respect to the 
crystallographically found 5A and 5B by comparing their relative stabilities on the basis 
of the computationally derived relative energies among them.  
 Contrary to what we hypothesized above, calculations using density functional theory 
at the level of B3LYP/6-31G* with a polarized continuum model (PCM) in chloroform at 
223 K on different conformers of 5A–5C with its ester methyl protons in different 
positions (Figure 4.12) revealed conformer 5A1 found in the solid state to be 
computationally the most stable, marginally more stable than 5B that was also found in 




Figure 4.12 Top and side views of the computationally optimized geometries of varying 
conformers for 5 at BYLYP/6-31G* level in CHCl3 at 223 K. The shortest distances 
among methyl protons and amide protons Ha, Hb and Hc are shown below the structures. 
Shown below the distances are the relative energies in kcal/mol among the five 
conformers normalized against the most stable conformer 5A1. Methyl protons and 
methyl carbon are in gray and green balls, respectively, with the Cbz group represented 
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Figure 4.13. Top and side views of the computationally optimized geometries for dimeric 
structures of (a-c) (5C) 2, (d) 5A•5B, (e) (6)2 and (f) (11)2 using dreiding field force in gas 
phase. (a) depicts a skeleton representation of (5C)2 where only the inner atoms are 
shown with carbon atoms in green and yellow, respectively. In (b), the fragment at the 
ester end of the second molecule is shown with carbon atoms in yellow, and with only 
one of two identical sets of H-bonds of < 2.8 Ǻ. In (c), front and back views of the 
fragmented ester group inside the cavity (COOCH3, H, C and O as black, yellow and red 
balls) from the second molecule are presented in CPK model, illustrating an excellent fit 
of the ester group into the cavity enclosed by 5C. In (f), the two H-atoms and N-atoms 
involved in H-bonds at the amine end are shown in gray and blue balls, respectively. The 
binding energy for dimerization is shown in kcal/mol below the structures. Clearly, 5C 
















































conformers 5C (Figure 4.12d-e) by at least 7.45 kcal/mol. With these differences in 
energy, either 5C1 or 5C2 was less than 10-millionth of either 5A1 or 5B. In all the 
modeled structures, the Cbz groups are roughly perpendicular to the macrocyclic plane. 
Further, it could be seen that methyl group in the more stable states tend to stay away 
from the cavity by pointing outward (5A1/5B vs 5C1) and slightly upward (5A1 vs 5A2, 
and 5C1 vs 5C2), rather than inward and down to the cavity. 
 In order to account for the observations noted in the variable temperature 1H NMR 
(Figure 4.5) and 2D NOESY experiments (Figure 4.7c and Figure 4.9) that signified a 
strong aggregation in 5 and close proximity between its ester methyl protons and amide 
protons, the next most possible logical explanation would be that 5 existed as a self-
trapping dimer with having its methyl protons pointing or protruding into the cavity of 
another molecule of 5. The extensive interactions involving feeble intermolecular H-
bonds and aromatic π-π stackings possibly would bring two molecules of 5 much closer 
together, occupying mutual cavities and thus preventing water molecules from entering 
the cavities. This dimeric structure may constitute a good model for explaining the 
obtained abnormal findings. Our calculation using dreiding force field191 indeed 
demonstrated a possibility of dimerization involving two molecules of 5 with a very 
substantial binding energy of 80.69 kcal/mol per dimer (Figure 4.13a-c). This was a result 
of three types of stabilizing intermolecular forces provided largely by (1) extensive H-
bonds (Figure 4.13b) and (2) aromatic π-π stacking, and (3) by van der Waals interactions 
to a good extent as suggested by a nearly perfect match in size between the ester group 
and the cavity (Figure 4.13c). From the computed dimeric structures, it could be seen that 
the overlap involving helical aromatic backbones was the best in dimer 5A•5B. Due to 
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the existence of extensive H-bonds in (5C)2, two strong H-bonds in (11)2 and longer 
backbones in 6 and 11, the energetic gain among the four dimers increased in the order of 
(6)2 < 5A•5B < (11)2 < (5C)2.  This order explained well the aggregation behaviours 
displayed by 5, 6 and 11 (Figure 4.6). Further, since 5C clearly exhibited a much higher 
energetic gain (80.69 kcal/mol) by self-dimerizing with respect to the heterodimer 5A•5B 
(47.59 kcal/mol) found in the solid state, it is likely that 5C, not 5A or 5B, was the 
predominant conformation adopted by 5 in solution, and increasingly dimerized upon 
decreasing the temperature. On the basis of the computed structures, the shortest 
distances between ester methyl protons and amides protons a, b, and c measured 
respectively at 3.65 Ǻ, 4.76 Ǻ and 2.76 Ǻ, accounting for both the observation of strong 
NOEs between methyl protons and amide protons (Figure 4.7c and Figure 4.9) and why 
tetramer 5, seemingly possessing a water-binding cavity, did not bind water molecules in 
solution (Figure 4.5). 
In the computed dimeric structure of (5C)2, the two ester methyl groups were 
surrounded by aromatic benzene rings, and their chemical shift should be affected by 
these aromatic ring currents. A concentration-dependant analysis of 1H NMR of 5 that 
may be composed of a mixture of monomer and dimer in varying ratios in CDCl3 
demonstrated an upfield-shift for the two methyl groups from 3.883 pm to 3.846 upon 
increasing the concentration from 1 mM to 20 mM (Figure 4.14a). For comparison, the 
same analysis of trimer 3 shows a very small upfield shift from 3.916 to 3.904 ppm for its 
methyl group within the same concentration range (Figure 4.14b). Since higher 
concentrations favour the formation of more dimer (5C)2, a decrease in chemical shift at 




Figure 4.14 1H NMR spectra (CDCl3, 500 MHz, 298 K) for ester methyl protons from (a) 
5 and (b) 3, illustrating comparably different changes in concentration-dependant 
chemical shift between 5 and 3 within the same concentration range of 1-20 mM. 
 
 
Table 4.3 Computationally calculated chemical shifts in ppm with TMS as the reference 
for the ester methyl protons from monomer 5C and dimer (5C)2 in both gas phase and 
chloroform. 
 Dreiding Force Field a 
 Gas Phase Chloroform 
 5C (5C)2 5C (5C)2 
Chemical Shift (ppm) 4.15 1.93 4.23 2.21 
 
a Structures are optmized using dreiding force field, followed by calculating chemical 


















magnetic field. If the self-trapping dimerization model proposed in Figure 4.13a-c is 
essentially correct or resembles its real structure to a very good extent, the benzene rings 
surrounding the methyl groups should produce a shielding rather than deshielding effect 
in order to explain the observed 1H NMR shift for methyl groups. In this regard, we 
carried out the computational investigations of the chemical shifts of the methyl groups in 
monomer 5C and dimer (5C)2. The structure of dimer (5C)2 was optimized using 
dreiding force field as shown in Figure 4.13a-c with its NMR chemical shift values 
calculated at the B3LYP/6-31G* level in both gas phase and chloroform (Table 4.3). 
Monomer 5C was taken out of the optimized dimer structure and subjected to the same 
treatment. Our calculations indeed show that 5C in 100% dimer state experiences a very 
substantial shielding effect by the nearby aromatic ring currents, leading to a NMR 
chemical shift of 2.21 ppm in chloroform as compared to 5C in 100% monomer state 
with a chemical shift of 4.23 ppm. Although a difference in chemical shift of methyl 
group between 5C and (5C)2 may not be as large as 2.02 ppm in chloroform, a general 
trend where dimerization involving two molecules of 5C causes their methyl protons to 
experience more shielding effects and thus to have a smaller chemical shift value with 
respect to the monomeric 5C largely should hold true, at least computationally.  
 
4.3 Conclusions 
 In this Chapter, we described our detailed studies on the various aspects of water-
binding aquafoldamers, particularly, aquatrimer 10 and aquapentamers 6 and 11. While a 
short pyridine-based 10 was found to encapsulate a water molecule in its nearly planar 
cavity and subsequently traps a unconventional water dimer, a 3D-shaped helical cavity 
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as in longer oligomers such as 6 and 11 were able to accommodate two water molecules 
that dimerize via a strong intermolecular H-bond of different strengths. As a result of a 
structural rigidity imposed by these aquafoldamers onto the water molecules, these water 
dimers are destabilized by 1.33-2.99 kcal/mol in regard with the most stable “unbound” 
water dimer. Consistent with these solid state structures, investigations by both 1D 1H 
NMR using CDCl3 containing varying water contents and 2D NOESY studies at low 
temperature provide a good support to the ability of these aquafoldamers to bind water 
molecules in solution. We envisioned that by elongating the helical backbones either 
covalently or non-covalently, enlarged or longer 3D-shaped cavities can be created for 
encapsulating larger water clusters of diverse topographies in their interiors. On the other 
hand, aided by computational molecular modelling, a self-trapping dimerization model 
involving two molecules of 5 protruding into mutual cavities is proposed, which is 
consistent with the observed (1) inability of 5 to bind water in solution state, (2) abnormal 
aggregation in 5, (3) strong NOE contacts that suggest a close proximity between ester 
methyl protons and amide protons in 5, and (4) a progressive downfield shifting of ester 
methyl protons in 5 upon increasing the concentration. Whether this dimeric structure can 
be found in the solid state or not is a subject worth of further investigation. 
 
4.4 Experimental Section 
4.4.1 General Remarks 
All the reagents were obtained from commercial suppliers and used as received unless 
otherwise stated. Aqueous solutions were prepared from distilled water. The organic 
solutions from all liquid extractions were dried over anhydrous sodium sulphate for a 
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minimum of 15 minutes before filtration. Reactions were monitored by thin-layer 
chromatography (TLC) on silica gel pre-coated glass plates (0.25 mm thickness, 60F-254, 
E., Merck). Chemical yields refer to pure isolated substances. Mass spectra were obtained 
using instrumentation which includes Finnigan MAT95XL-T and Micromass VG7035. 
Single crystal X-ray diffraction study was recorded on Bruker-AXS Smart Apex CCD 
single crystal diffractometer. 1H NMR, 1H variable temperature (VT) NMR and 13C NMR 
spectra were recorded on a Bruker AMX500 (500 MHz) spectrometer. The solvent signal 
of CDCl3 in 1H NMR was referenced at  = 7.26 ppm. Coupling constants (J values) are 
reported in Hertz (Hz). 1H NMR data are recorded in the order: chemical shift value, 
multiplicity (s: singlet; d: doublet; t: triplet; q: quartet; m: multiplet; br: broad), coupling 
constant and number of protons that gave rise to the signal, where applicable. 13C NMR 
spectra are proton-decoupled and the solvent peaks of CDCl3 was referenced at  = 77.0 
ppm. 2D NOESY were recorded either on a Bruker AMX500 (500 MHz) or Bruker 
DRX500 (500 MHz) spectrometer. CDCl3 was purchased from Cambridge Isotope 
Laboratories, Inc. and used without further purification unless otherwise stated. The 
normal CDCl3 used in the 1H VT NMR refers to the CDCl3 that was used directly from 
the bottle. Dry CDCl3 used in the 1H VT NMR was prepared by standing over 4A 
molecular sieves before use. “Wetted” CDCl3 used in the 1H VT NMR was prepared by 
adding 1 drop of water into 1 ml of CDCl3 and allowing it to equilibrate for 2 days before 
use. 
 
4.4.2 Synthetic Procedures and Characterizations 







2) Acetone EtOOC COOEt O









Compound I: Sodium (1.53 g, 66.5 mmol) was stirred in 30 ml of anhydrous ethanol for 
1 hr. The reaction mixture was then heated until all the sodium dissolved. The prepared 
sodium ethoxide was divided into two portions. Diethyl oxalate (5.30 g, 36.3 mmol) was 
added to the first portion of sodium ethoxide, stirred and kept warm for later use. The 
second portion was stirred until precipitation occurs, with which a mixture of acetone 
(1.93 g, 33.3 mmol) and diethyl oxalate (5.00 g, 34.2 mmol) was added to it immediately 
and stirred till precipitation occurs again. Thereafter, the first portion was added to it and 
stirred for 0.5 hr. The mixture was then allowed to stand overnight. After the removal of 
the solvent under reduced pressure, 25.0 g of ice and 10 ml of concentrated hydrochloric 
acid was added to it, stirred, filtered, washed with cold water and dried to give the pure 
product as a yellow solid (5.90 g, 70%). 1H NMR (500 MHz, CDCl3): δ 6.37 (s, 4H), 4.37 
(q, 4H, J = 7.13 Hz), 1.38 (t, 6H, J = 7.23 Hz); 13C NMR (125 MHz, CDCl3): δ 196.36, 
162.03, 161.51, 103.97, 62.74, 14.03; HRMS-ESI: calcd. for [M+H]+ (C11H13O7): 
257.0656, found: 257.0660. 
Compound II: Concentrated hydrochloric acid (10 ml) was added to compound I (5.90 g, 
22.9 mmol) and heated for 20 hrs at 100 oC. The mixture was filtered, washed with cold 
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water and dried to give the pure product as a light brown solid (4 g, 68 %). 1H NMR (500 
MHz, DMSO-d6): δ 6.95 (s, 2H); 13C NMR (125 MHz, DMSO-d6): δ 179.27, 160.77, 
153.92, 118.91; HRMS-ESI: calcd. for [M+H]+ (C7H3O6): 182.9924, found: 182.9928.    
 
Compound 4b: 20 ml of 10% ammonia solution was added to compound II (4.00 g, 21.7 
mmol) and heated for 5 hrs at 100 oC. Activated charcoal was then added to decolorize 
the solution. The mixture was filtered and a portion of the ammonia and water in the 
residue was removed under reduced pressure, the pH was then adjusted to about 2 – 3 
using hydrochloric acid. The reaction mixture was allowed to stand, which was then 
filtered, and recrystallized from water to give the pure product as a white solid (1.3 g, 
46%). 1H NMR (500 MHz, DMSO-d6): δ 7.46 (s, 2H); 13C NMR (125 MHz, DMSO-d6): 
δ 168.64, 164.75, 148.42, 114.77; HRMS–ESI: calcd. for [M+H]+ (C14H9N2O10): 
365.0252, found: 365.0260. 
  
Compound 4c: 144 ml of thionyl chloride (235 g, 2.0 mol) was added slowly to a stirred 
mixture of 71.8 g (0.36 mol) of 4b and 720 ml of methanol in a ice-salt bath for 1 hr. 
After which the ice-salt bath was removed and the mixture was stirred at room 
temperature for 2 days. The solvent was removed under reduced pressure yielding the 
pure product as a white solid. (359 g, 85 %). 1H NMR (500 MHz, DMSO-d6): δ 7.62 (s, 
2H), 3.87 (s, 6H); 13C NMR (125 MHz, DMSO-d6): δ 166.09, 164.82, 149.21, 115.31, 




Compound 4d: A mixture of compound 4c (1.69 g, 8.0 mmol), anhydrous potassium 
carbonate (2.00 g, 14.5 mmol) and iodomethane (0.5 ml, 8.0 mmol) in 40 ml of 
anhydrous acetone was refluxed for 24 hrs. The solid was filtered off and the solvent was 
removed in vacuo. The residue was dissolved in CH2Cl2 (25 ml) and washed with water 
twice. The solvent was removed in vacuo and the crude product recrystallized from 
methanol to give the pure product as a white solid (Yield: 1.32 g, 73 %). 1H NMR (500 
MHz, CDCl3):  7.80 (s, 2H), 4.00 (s, 6H), 3.97 (s, 3H). 13C NMR (125 MHz, CDCl3):  
167.62, 165.15, 149.82, 114.12, 56.03, 53.21. HRMS-ESI: calculated for [M+H]+ 
(C10H12NO5): m/z 226.0710, found: m/z 226.0713.    
  
Compound 4e: Solid potassium hydroxide (1.51 g, 27.0 mmol) was dissolved in minimal 
amount of water and was added to compound 4d (6.08 g, 27.0 mmol) in methanol (50 ml). 
The mixture was stirred at room temperature for 6 hrs and thereafter the solvent was 
removed in vacuo. The crude product was then dissolved in water and extracted with 
CH2Cl2 twice to remove any starting material. The aqueous layer was acidifed with 1M 
HCl and extracted with ethyl acetate five times. Removal of the solvent in vacuo yielded 
the pure product as a white solid (Yield: 4.68 g, 82 %). 1H NMR (500 MHz, DMSO-d6): 
 13.47 (br, 1H), 7.71 (d, 1H, J = 2.5 Hz), 7.70 (d, 1H, J =2.6 Hz), 3.96 (s, 3H), 3.90 (s, 
3H). 13C NMR (125 MHz, DMSO-d6):  167.02, 165.53, 164.71, 113.47, 56.16, 52.60. 




Compound 4f: Compound 4e (0.21 g, 1.0 mmol) was dissolved in THF / DMF (3 ml / 2 
ml) and the solution was cooled to -5 oC to -10 oC using an ice-salt bath. Ethyl 
chloroformate (0.12 ml, 1.2 mmol) and N-methylmorpholin (0.12 ml, 1.2 mmol) was 
added to the cooled solution and stirred for 15 mins. Sodium azide (0.10 g, 1.5 mmol), 
which was dissolved in minimal amount of water, was added to the cooled solution and 
the solution was allowed to stirred for 30mins. THF in the solution was then removed in 
vacuo and CH2Cl2 was then added to the remaining solution. The organic layer was 
washed twice with water to remove any salts and the remaining DMF. The solvent was 
then removed in vacuo to yield a yellow solid. The yellow solid was dissolved in 5ml of 
toluene and benzyl alcohol (0.11 ml, 1.1 mmol) was added into it. The solution was 
heated at 120 oC for 30 hrs. The solvent was then removed in vacuo and the crude 
product was dissolved in CH2Cl2 and washed with water. Removal of the solvent yielded 
the crude product which was re-crystalized with methanol to give the pure product as a 
white solid (Yield: 0.23 g, 72 %). 1H NMR (500 MHz, CDCl3):  10.66 (s, 1H), 7.96 (s, 
1H), 7.75 (d, 1H, J = 2.5 Hz), 7.32–7.36 (m, 5H), 5.19 (s, 2H), 3.91 (s, 3H), 3.89 (s, 3H). 
13C NMR (125 MHz, CDCl3):  168.29, 165.12, 153.06, 152.99, 147.05, 135.68, 128.53, 
128.27, 127.84, 108.83, 100.10, 67.04, 55.71, 52.80. HRMS-ESI: calculated for [M+Na]+ 
(C16H16N2O523Na): m/z 339.0951, found: m/z 339.0967.    
 
Compound 4g: Compound 4f (0.32 g, 1.0 mmol) underwent catalytic hydrogenation in 
THF (10 ml) at 50 oC for 3 hrs using Pd/C (0.03 g, 10 %) as the catalyst. The reaction 
was then filtered and the solvent was removed in vacuo to give the pure product as a 
white solid (Yield: 0.18 g, 99 %). 1H NMR (500 MHz, CDCl3):  7.11 (d, 1H, J = 1.9 Hz), 
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6.11 (d, 1H, J = 2.0 Hz), 4.72 (br, 2H), 3.93 (s, 3H), 3.82 (s, 3H). 13C NMR (125 MHz, 
CDCl3):  167.76, 165.89, 160.01, 147.67, 104.78, 95.73, 55.32, 52.72. HRMS-EI: 
calculated for [M]+ (C8H10N2O3): m/z 182.0691, found: m/z 182.0692. 
 
Compound 10: Compound 2r (0.39 g, 1.0 mmol) was dissolved in dry DCM (10ml) in a 
rbf. DMF (0.1 ml) was added, followed by the dropwise addition of oxalyl chloride (0.3 
ml, 2.0 mmol) into the rbf. The reaction mixture was stirred for 2 hrs and thereafter, the 
solvent and excess oxalyl chloride were removed in vacuo and dry DCM (10 ml) was 
added to the acid chloride in nitrogen atmosphere. Minimal amount of dry DCM was 
added to a mixture containing compound 4g (0.18 g, 1.0 mmol) and triethylamine (0.1 ml, 
0.3 mmol) and the mixture was injected into the acid chloride. The mixture was allowed 
to stir for 1 hr at room temperature and after the reaction was complete, the product was 
washed with water, 1M HCl and 1M NaOH. The solvent was removed in vacuo to give 
the crude product and the flash column chromatography was used to afford the pure 
product as a white solid (Yield: 0.25 g, 45 %). 1H NMR (500 MHz, CDCl3):  10.36 (s, 
1H), 10.25 (s, 1H), 8.68 (d, 1H, J = 8.2 Hz), 8.32 (d, 1H, J = 2.5 Hz), 8.30 (d, 1H, J = 8.3 
Hz), 7.92–8.06 (m, 5H), 7.49 (d, 1H, J = 2.5 Hz), 7.34–7.44 (m, 5H), 5.26 (s, 2H), 3.98 (s, 
3H), 3.88 (s, 3H). 13C NMR (125 MHz, CDCl3):  168.41, 165.30, 162.66, 162.43, 
152.97, 152.92, 150.58, 150.05, 147.34, 147.18, 147.07, 140.05, 140.03, 135.52, 128.60, 
128.46, 128.42, 118.76, 117.96, 117.55, 116.02, 110.00, 102.03, 67.53, 55.89, 53.00. 





Compound 11: Compound 2t (0.63 g, 1.0 mmol) was dissolved in dry dichloromethane 
(10ml) in a rbf. DMF (0.1 ml) was added, followed by the dropwise addition of oxalyl 
chloride (0.3 ml, 2.0 mmol) into the rbf. The reaction mixture was stirred for 2 hrs and 
the solvent and excess oxalyl chloride were removed in vacuo and dry dichloromethane 
(20 ml) was added to the acid chloride in nitrogen atmosphere. Minimal amount of dry 
dichloromethane was added to a mixture containing 2,6-diaminopyridine (0.22 g, 2.0 
mmol) and triethylamine (0.28 ml, 2.0 mmol) and the mixture was injected into the acid 
chloride. The mixture was allowed to stir overnight at room temperature and after the 
reaction, the product was washed with water (2 x 10ml), 1M HCl (2 x 10ml) and 1M 
NaOH (2 x 10ml). The solvent was removed in vacuo to give the crude product and the 
flash column chromatography was used to afford the pure product as a white solid (Yield: 
0.25 g, 35 %). 1H NMR (500 MHz, CDCl3):  10.48 (s, 2H), 10.36 (s, 1H), 10.04 (s, 1H), 
8.73–8.77 (m, 2H), 8.65 (d, 1H, J = 8.2 Hz), 8.13–8.16 (m, 2H), 7.94–8.07 (m, 5H), 7.90 
(t, 1H, J = 7.6 Hz), 7.78 (t, 1H, J = 7.9 Hz), 7.73 (d, 1H, J = 8.2 Hz), 7.57 (s, 1H), 7.36 (t, 
1H, J = 8.1 Hz), 7.06–7.17 (m, 5H), 5.88 (d, 1H, J = 7.5 Hz), 5.03 (s, 2H), 3.88 (s, 2H). 
13C NMR (125 MHz, DMSO-d6, 50 oC):  162.76, 162.51, 162.31, 161.67, 157.12, 
152.41, 150.66, 150.26, 150.22, 149.90, 149.57, 148.10, 147.66, 147.62, 147.04, 140.23, 
140.11, 140.03, 139.97, 139.54, 135.63, 128.37, 128.10, 127.86, 119.06, 118.94, 118.55, 
117.87, 117.69, 117.60, 116.91, 115.94, 104.21, 103.32, 67.36. HRMS-ESI: calculated 






4.4.3 Ab Initio Molecular Modelling 
All the calculations were carried out by utilizing the Gaussian 09 program package.158  
The geometry optimizations and single point energy calculations were performed at the 
density functional theory (DFT) level, and the Becke’s three parameter hybrid functional 
with the Lee-Yang-Parr correlation functional (B3LYP)159 method was employed to do 
the calculations. The 6-31G*160-161 basic from the Gaussian basis set library had been 
used in the geometry optimizations of the water monomer and water dimer. The harmonic 
vibrational frequencies and zero-point energy corrections were calculated at the same 
level of theory. All the single point energy were obtained at the B3LYP level in 
conjunction with the 6-311+G(2d,p) basis set.  
The geometry optimizations and single point energy calculations were also performed at 
the Hartree-Fock (HF) level to determine the stability of the water dimer cluster. Hybrid 
meta exchange functional with double the amount of nonlocal exchange (M06-2X)224 
functional for nonmetals together with the aug-cc-pvtz basic set from the Gaussian basic 
set library was employed to do the calculations.  
The dreiding force field191 is used to optimized the geometry and calculate the energy of 
all the structural motifs taken from the respective crystal structures. The convergence 
tolerance is 2 x 10-5 kcal/mol for the energy, 0.001 kcal/mol/A for the force, 0.001 GPA 
for the stress and 10-5A for the displacement. The Ewald method is used for calculating 
the electrostatic and van der Waals terms. The accuracy is 10-5 kcal/mol. The repulsive 
cutoff is 6 Å for the van der Waals term. For the hydrogen bond term, the summation 
method is atom based and the truncation method is cubic spline with cutoff distance of 
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4.5 Å. For the isolated helical pentamer or dimer made up of two pentamers, these 
molecules are put in a three dimensional cubic box with every lattice length to be 100 Å 
to avoid the interaction of the molecules with their mirror counterparts. During the 
optimization the box is fixed and only the molecules are optimized for the isolated case. 
For the 1D or 2D cases, where the molecules repeat periodically in one or two directions, 
















4.4.4 X-Ray crystal data 
Table 4.4 Crystal data and structure refinement for Trimer 10 
CCDC 821681 
Empirical formula  C28 H26 N6 O8 
Formula weight  574.55 
Temperature  223(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P2(1)/n 
Unit cell dimensions a = 6.9188(3) Å = 90°. 
 b = 27.2416(13) Å = 99.1120(10)°. 
 c = 14.3296(7) Å  = 90°. 
Volume 2666.7(2) Å3 
Z 4 
Density (calculated) 1.431 Mg/m3 
Absorption coefficient 0.107 mm-1 
F(000) 1200 
Crystal size 0.58 x 0.30 x 0.26 mm3 
Theta range for data collection 1.62 to 27.50°. 
Index ranges -8<=h<=8, -35<=k<=34, -18<=l<=18 
Reflections collected 18585 
Independent reflections 6093 [R(int) = 0.0268] 
Completeness to theta = 27.50° 99.7 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.9726 and 0.9403 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 6093 / 0 / 401 
Goodness-of-fit on F2 1.056 
Final R indices [I>2sigma(I)] R1 = 0.0687, wR2 = 0.1771 
R indices (all data) R1 = 0.0786, wR2 = 0.1849 
Largest diff. peak and hole             0.748 and -0.286 e.Å-3 
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Table 4.5 Crystal data and structure refinement for Pentamer 11 
CCDC  834710 
Empirical formula  C37 H33 N11 O8 
Formula weight  759.74 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Triclinic 
Space group  P-1 
Unit cell dimensions a = 9.2092(10) Å = 90.884(3)°. 
 b = 13.6899(14) Å = 99.028(3)°. 
 c = 14.6484(16) Å  = 103.338(3)°. 
Volume 1772.1(3) Å3 
Z 2 
Density (calculated) 1.424 Mg/m3 
Absorption coefficient 0.104 mm-1 
F(000) 792 
Crystal size 0.40 x 0.30 x 0.24 mm3 
Theta range for data collection 1.53 to 27.50°. 
Index ranges -11<=h<=11, -17<=k<=16, -18<=l<=15 
Reflections collected 12748 
Independent reflections 8020 [R(int) = 0.0301] 
Completeness to theta = 27.50° 98.8 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.9755 and 0.9596 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 8020 / 4 / 549 
Goodness-of-fit on F2 0.961 
Final R indices [I>2sigma(I)] R1 = 0.0530, wR2 = 0.1169 
R indices (all data) R1 = 0.0885, wR2 = 0.1292 
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Patterned Recognitions of Amines and Ammonium Ions by a Pyridine-
Based Helical Oligoamide Host 
 
5.1 Introduction 
 Aromatic foldamers of diverse structures have been elaborated over the recent years. A 
wealth of functions derived from these folding backbones has also been demonstrated. 
However, aromatic foldamers capable of recognizing functional groups as simple as 
amine or ammonium cations appear to be very rare. In biology, amine is considered one 
of the important functional groups in molecules. Many important biological molecules 
contain amino groups in their molecules, namely amino acids, peptide and proteins, 
neurotransmitters such as histamine and serotonin and trace amines such as tryptamine 
and octopamine. At the physiological pH, amine exists as ammonium ion and the 
interactions between the ammonium ion and protein receptors are important in biological 
signalling and a malfunction in these interactions have resulted in several diseases 
conditions. A study on the interactions between ammonium ions and synthetic 
compounds would help provided a better understanding on the complex interactions 
between the ammonium ion and the proteins receptors, providing a possibility to 
understand the mechanism behind the pathway for the various diseases. On top of that, 
effective recognition and sensing of amines or ammonium ions is valuable not only in 
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environmental and industrial monitoring but also for food quality control and clinical 
disease diagnosis.225-226  
 As mentioned in the earlier chapters, we had reported a series of pyridine-based 
foldamers with their folded structures enforced by internally placed continuous H-
bonding networks.72,190,227 Results have shown that this new set of backbone-rigidified 
pyridine-based folding oligoamides requires about four repeating units to form a helical 
turn. The cavity enclosed by these pyridine foldamers is ~ 2.5 Ǻ in radius, and is 
decorated by both H-bond donors (amide protons) and acceptors (pyridine N-atoms and 
ester O-atoms), making these pyridine foldamers potentially suitable for accommodating 
the amine or ammonium groups. This chapter demonstrates the functional utility of 
pyridine foldamers such as tetramer 14 (Figure 5.1a) as the host for various amine and 
ammonium guests, exhibiting differential binding patterns for rapid detection and 
classifications by using the corresponding 1H NMR fingerprint regions. 
 
5.2 Results and discussion 
5.2.1. Synthesis of the pyridine-based foldamers 12–14  
 Foldamers 12–14 were synthesized using the same step-by-step approach as mentioned 
in Chapter 2 and 4. Instead of the Cbz-protecting group used in those foldamers, the Cbz-
moiety was replaced with a chromophore moiety (i.e. quinoline moiety), so that the 
binding between the foldamer and the amine and ammonium guests could be potentially 
be determined using spectroscopic method. As shown in Scheme 5.1, compound 14 was 
synthesized in 7 steps using a step-by-step approach with an overall yield of about 32 %. 
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Scheme 5.1 Synthesis of pyridine-based oligoamides 12–14.a 
 
 
a a) (COCl)2, DMF, CH2Cl2; then 2p, TEA, CH2Cl2; b) NaOH, Dioxane. 
 
  Similarly, an acid chloride was generated from 2-quinoline-carboxylic acid, 5a, by 
treating the acid with oxalyl chloride and a few drops of DMF in CH2Cl2 at room 
temperature. Oligoamide 12 was then synthesized by adding monomer amine 2p to the 
acid chloride together with triethylamine base. Hydrolysis of dimer 12 using NaOH at 
room temperature overnight yielded the dimer acid 5b. Subsequently, a series of coupling 
reactions via acid chloride and hydrolysis reactions using sodium hydroxide were used to 
yield the higher oligomers trimer 13 and tetramer 14.  
 The crescent-shaped structure in 14 was evidenced by the experimentally observed 
NOE contacts between amide protons c and b or d and by the end-to-end NOE contacts 
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between the end methoxy protons e and protons a of the quinoline moiety (Figure 5.1b 
and Figure 5.2). Its helical geometry can be reliably established by the ab initio 
calculation using density functional theory at the B3LYP/6-31G* level (Figure 5.1c)150-
151,153, and by the crystal structures of analogous pyridine oligoamides that take up a 
helical conformation starting from tetramers that contain bulkier end groups such as an 





Figure 5.1 a) NOE contacts in 14, illustrated by double headed pink arrows. b) Expanded 
2D NOESY spectra of 14 (CDCl3, 500 MHz, 300 K, mixing time = 0.5 s), showing NOE 
contacts among amide protons b, c and d and those end-to-end NOE contacts among 
methyl protons e and aromatic protons a. c) Top and d) side views of ab initio optimized 




























Figure 5.2 Full 2D NOESY spectrum containing NOE contacts seen in 14 as revealed by 




5.2.2. Host – Guest Interactions   
 The guest binding ability of 14 was studied using mass spectroscopy, 2D NOESY 
experiments, 1H NMR titration experiments in chloroform with a few selected amine and 
ammonium guests (Table 5.1) and ab initio calculations. Using the soft electrospray 
ionization (ESI) method in a high resolution format, the molecular ion peaks that 
represented each of the host-guest complexes in a 1:1 ratio were obtained with some 
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representative aliphatic amine and ammonium guests, confirming the formation of the 
host-guest complexes in a 1:1 ratio and their identities (Table 5.1 and Experimental 
Section, Figures 5.25–5.26). 
 
Table 5.1 List of amine and ammonium guests studied and the m/z of the [14•guest] 










 Isopropylamine 607.2440 [14•C3H7NH2+H]+ 
2 1-Aminooctane 677.3218 [14•C8H17NH2+H]+ 








Di-n-propylamine 649.2891 [14•(C3H7)2NH+H]+ 
6 Di-n-hexylamine 733.3848 [[14•(C6H13)2NH+H]+ 




Azetidine 605.2265 [14•C3H6NH+H]+ 
9 Pyrrolidine 619.2413 [14•C4H8NH+H]+ 
10 Piperidine 633.2578 [14•C5H10NH+H]+ 
11 
Tertiary  
Triethylamine 649.2885 [14•(C2H5)3N+H]+ 
12 Diisopropylethylamine 677.3224 [14•C8H19N+H]+ 
13 1-Methylpiperidine 647.2752 [14•C6H13N+H]+ 












a HRMS obtained by using ESI method. 
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 Titrating 14 at 2 mM in CDCl3 using various guests in varying equivalents did not lead 
to noticable changes in chemical shift for all the three amide protons b–d of 14 (Figure 
5.3 and Experimental Section, Figures 5.9–5.24), indicating minimal interferences guest 
binding had on the high strength intramolecular hydrogen-bonding network in 14 and on 
its helical structure. Selected 2D NOESY experiments on the 1:1 mixture of 14 and 
octylamine or piperidine revealed the presence of strong NOE contacts among amide 
protons of 14 that were indicative of the persistence of its folded structure (Figures 5.4–
5.5). Consistent with the formation of the 1:1 complexes, strong NOE contacts were also 
observed between the amide protons of 14 and the amine’s protons from octylamine or 
piperidine (Figures 5.4 – 5.5). 
 However, with the addition of increasing amounts of the amine guests excluding 
tertiary and aromatic amines, the intensity or the height of the NMR peaks for the amide 
protons progressively decreased, and in most cases, the affected peaks also became 
broadened (Figure 5.3 and Experimental Section, Figures 5.9–5.24). Possibly, this 
occured as a result of binding-induced changes in the spin-spin relaxation time of amide 
protons that interacted with amine or ammonium protons in varying strengths, altering 
both the intensity and shape of the NMR peaks. Except for tertiary amines (Figure 5.3k–
m) that contain no protons and aromatic amines (Figure 5.3n) that are weak in basicity 
and thus do not elicit any change in NMR signals, three general patterns can be identified 
for primary and secondary amines as well as ammonium cations. 
 With the use of primary amines, it was observed that amide proton b was perturbed 
most as compared to the other two amide protons c and d that remain very sharp 




Figure 5.3 Overview of the expanded 1H NMR (2 mM, CDCl3) fingerprint regions for 
amide protons b-d and ester methyl protons e of 14 in the presence of up to four 
equivalents of (a) isopropylamine, (b) 1-aminooctane, (c) 1,8-diaminooctane, (d) 2,2’-
(ethylenedioxy)bis(ethylamine), (e) di-n-propylamine, (f) di-n-hexylamine, (g) di-n-
octylamine, (h) azetidine, (i) pyrrolidine, (j) piperidine, (k) triethylamine, (l) 
diisopropylethylamine, (m) 1-methylpiperidine, (n) aniline, (o) 1-octylammonium 

























Figure 5.4 2D NOESY spectrum containing NOE contacts seen between host 14’s amide 
protons and octylamine guest’s NH2 as revealed by 2D NOESY study (5 mM, 300 K, 






























Figure 5.5 2D NOESY spectrum containing NOE contacts seen between host 14’s amide 
protons and piperidine guest’s NH as revealed by 2D NOESY study (5 mM, 300 K, 








Figure 5.6 Top and side views of the computationally determined most stable complex 
formed between 14 and (a) methylamine, (b) dimethylamine, (c) piperidine and (d) 
methylammonium cation at the B3LYP/6-31G//6-311G+(2d,p) level. Atoms involved in 
intermolecular H-bonds of varying lengths are represented as small balls (gray = H, red = 






2.37 Ǻ 1.79 Ǻ 2.14 Ǻ 










c)                                                  d) 
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Highly likely, this is due to the stronger binding of proton b than protons c and d by 
primary amines. To assess this possibility, a series of possible structures for the complex 
14•methylamine were optimized at the level of B3LYP/6-31G//6-311G+(2d,p). 
Expectedly, our calculations show that the most stable complex formed between 14 and 
methylamine indeed is the one where the amine sits in the cavity of 14 with amine N-
atom forming a strong H-bond (1.84 Ǻ) with amide proton b in 14 (Figure 5.6a), making 
proton b experience the strongest influence by primary amines during the 1H NMR 
titration experiments. The computational results also show that placing methylamine on 
either side of 14 leads to energetically almost equivalent 14•methylamine complexes with 
“bottom” complex being 0.4 kcal/mol more favored. 
  In the case of acyclic secondary amines, all the three amide protons b–d become 
increasingly broadened roughly to an equal extent (Figures 5.3e–g and Experimental 
Section, Figures 5.13–S15). Taking dimethylamine as the model compound for ab initio 
calculations, the most stable complex shown in Figure 5.6b, actually has the methyl 
group and amine N-atom of dimethylamine participate in forming weak intermolecular 
H-bonds of 2.52 Ǻ and 2.40 Ǻ with ester O-atom and ester methyl proton from 14, 
respectively, and no medium or strong H-bonds are found between dimethylamine and 
14. The weakly interacting acyclic secondary amines therefore exert unbiased influences 
over the three amide protons b–d. Interestingly, a slightly different trend was observed 
for cyclic secondary amines where proton c becomes the most broadened and starts 
disappearing in the presence of four equivalents of amine guests while the NMR peaks 
for protons b and d are altered by both acyclic and cyclic secondary amines almost to 
equal extents (Figures 5.3h–j and Experimental Section, Figures 5.16–5.18). 
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Computationally, cyclic secondary amine (i.e. piperidine, Figure 5.6c) interacts almost 
perpendicularly with 14. The amine’s NH proton in piperidine forms a strong H-bond of 
2.14 Ǻ with the ester O-atom of 14 and a weak H-bond of 2.88 Ǻ with pyridine N-atom 
of 14. In average, the protons from the ring atoms of piperidine are closer to amide 
protons b and c (~ 2.6 Ǻ) than to proton d (> 3.3 Ǻ). These electrostatic interactions 
among the protons may modify the electron density around protons b and c, possibly 
resulting in the observed titration pattern of 1H NMR peaks where the amide protons b 
and c are affected more than proton d by cyclic secondary amines (Figures 5.3h–j and 
Experimental Section, Figures 5.16–5.18).  
 Lastly, the addition of ammonium ions into 14 in solution leads to line broadenings and 
a rapid decrease in the size of 1H NMR peaks for all the three amide protons (Figures 
5.3o–p and Experimental Section, Figures 5.23–5.24). Unseen from primary, secondary, 
tertiary and aromatic amines, ammonium ions additionally exhibit a dramatic influence 
over the size and shape of the ester methyl peaks (Figures 5.3o–p and Experimental 
Section, Figures 5.23–5.24). In the computed structure that had a very high binding 
energy of 30.55 kcal/mol with respect to their individual components, the ammonium ion 
was slightly nearer to the ester side, forming strong H-bonds with 14 (1.79, 2.02 and 2.37 
Ǻ, Figure 5.6d). In this case, our surmise was that the ammonium ion possibly altered the 
NMR signals via chemical exchange involving ammonium protons and those protons 
from amide and ester groups of 14 by virtue of the formation of a highly stable complex.  
 One amine guests of varying types (primary, secondary, tertiary and aromatic amines) 
and ammonium ions were studied with foldamers 12 and 13 using mass spectroscopy and 
1H NMR titration experiments in chloroform to see if the same differential binding mode 
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Table 5.2 List of amine and ammonium guests studied with 12 and 13 and the m/z of the 
complexes determined using high-resolution mass spectroscopy. 
S/N Guest 
















































a HRMS obtained by using ESI method. 
 
could also be observed between the host of the same series and the guests. While tetramer 
14 displayed five differential 1H NMR-based patterns toward amine and ammonium ions, 
similar analyses on the shorter oligomers showed that both dimer 12 and trimer 13 
exhibited much less degenerated patterns. Using the soft electrospray ionization (ESI) 
method in a high resolution format, the molecular ion peaks that represented each of the 




Figure 5.7 Representative 1H NMR (2 mM, CDCl3) fingerprint regions for amide protons 
b and ester methyl protons e of 12 in the presence of up to four equivalents of a) 1-
octylamine, b) di-n-octylamine, c) piperidine, d) triethylamine, e) aniline, f) 1-
octylammonium perchlorate and g) di-n-octylammonium perchlorate. 
 
 
of the host-guest complexes in a 1:1 ratio (Table 5.2). On top of that, just like in the case 
for foldamer 14, both foldamer 12 and 13 did not exhibit any detectable complexes in the 
mass spectroscopy.  
 However, interestingly, different signature fingerprints from the 1H NMR spectra were 
obtained when foldamers 12 and 13 were titrated with the various amine and ammonium 
guests (Figures 5.7 and 5.8). The most obvious difference between foldamer 14 and with 
12 and 13 was observed when the foldamers were titrated with ammonium guests. As 
mentioned earlier, all the amide protons and the methyl ester protons of 14 broadened and 




Figure 5.8 Representative 1H NMR (2 mM, CDCl3) fingerprint regions for amide protons 
b–c and ester methyl protons e of 13 in the presence of up to four equivalents of a) 1-
octylamine, b) di-n-octylamine, c) piperidine, d) triethylamine, e) aniline, f) 1-
octylammonium perchlorate and g) di-n-octylammonium perchlorate. 
 
change was not observed in 12 (Figure 5.7 f–g) and 13 (Figure 5.8 f–g). In foldamer 12, 
when a primary ammonium salt was used (i.e. 1-octylammonium perchlorate), amide 
proton b immediately broadened and decreased in size, however, the methyl protons 
peaks remained relatively unaffected even when 4 equivalent of the guest was used 
(Figure 5.7f). However, when a secondary ammonium salt was used (i.e. di-n-
octylammonium perchlorate), both the amide proton peak and the methyl ester peak 
decreased at a relatively constant rate, showing different binding modes between 12 and 
the two ammonium salts (Figure 5.7g). The differential binding could be attributed to the 
nature of the open cavity of 12. Besides responding to the ammonium salts, line 
broadening and decreased in the size of the amide protons were also observed in the case 
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of the stronger primary and secondary amines (Figure 5.7a–c), just like in the case of 14.    
 Identical to 14, the signature changes observed in the amide signals when titrated with 
the various types of amines were the same in the case of 13. Briefly, when primary amine 
was used, amide proton b was affected the most (Figure 5.8a). In the case of acyclic 
secondary amine, both amide protons were affected to the same extend (Figure 5.8b), 
while amide proton c was perturbed the most when cyclic secondary amine (Figure 5.8c). 
No significant changes were observed when tertiary or aromatic amines were used 
(Figure 5.8d–e). On the contrary to what was observed earlier, when ammonium salts 
were titrated to 13, amide proton c immediately broadened and decreased in size, while 
amide proton b and the methyl ester protons were not affected as much. From these 
observations, we can conclude that the helical nature of 14 is important for the 
disappearance of the methyl ester peak since the methyl ester peaks are relatively 
unaffected in the crescent structure of 12 and 13. Since foldamer 12 allows one to 
differentiate between primary and secondary ammonium guests from the amide region on 
the 1H NMR, the combination of 12 and 13 or 12 and 14 would allow one to quickly 
distinguish between the various type of amine and ammonium guests.  
 
5.3 Conclusion 
 The above observations from the 1H NMR experiments illustrate that amine guests of 
varying types (primary, secondary and tertiary amines) and ammonium ions each displays 
a differential binding mode with the pyridine-based host (especially with 14). By 
comparing 1H NMR fingerprint regions involving the amide protons and ester methyl 
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group in 14 and aided further by dimer 12 and trimer 13, one could possibly distinguish 
between the various types of amine, between amine and ammonium guests, and between 
the various types of ammonium guests. Differentiating the nature of the amines or 
ammonium ions used which could be valuable for rapid detection and classifications not 
only in environmental and industrial monitoring but also for food quality control and 
clinical disease diagnosis. 
 
5.4 Experimental Section 
5.4.1 General Remarks 
 All the reagents were obtained from commercial suppliers and used as received unless 
otherwise stated. Aqueous solutions were prepared from distilled water. The organic 
solutions from all liquid extractions were dried over anhydrous sodium sulphate for a 
minimum of 15 minutes before filtration. Reactions were monitored by thin-layer 
chromatography (TLC) on silica gel pre-coated glass plates (0.25 mm thickness, 60F-254, 
E., Merck). Chemical yields refer to pure isolated substances. Mass spectra were obtained 
using instrumentation which includes Finnigan MAT95XL-T and Micromass VG7035. 
1H and 13C NMR spectra were recorded on a Bruker AMX500 (500 MHz) spectrometer. 
In addition, key compounds were characterized by 2D NOESY and X-Ray Diffraction. 
The solvent signal of CDCl3 and DMSO-d6 in 1H NMR were referenced at  = 7.26 ppm 
and  = 2.50 ppm respectively. Coupling constants (J values) are reported in Hertz (Hz). 
1H NMR data are recorded in the order: chemical shift value, multiplicity (s: singlet; d: 
doublet; t: triplet; q: quartet; m: multiplet; br: broad), coupling constant and number of 
140 
 
protons that gave rise to the signal, where applicable. 13C NMR spectra are proton-
decoupled and the solvent peaks of CDCl3 and DMSO-d6 were referenced at  = 77.0 
ppm and 39.5 ppm respectively. 2D NMR experiments were recorded on a Bruker 
DRX500 (500 MHz) spectrometer, unless otherwise stated. CDCl3 and DMSO-d6 were 
purchased from Cambridge Isotope Laboratories, Inc. and used without further 
purification unless otherwise stated.  
 
5.4.2 Synthetic Procedures & Characterization 
General procedure for coupling using oxalyl chloride:  
The acid (1.0 mmol) was dissolved in dry dichloromethane (10 ml) in a round bottom 
flask. DMF (0.1 ml) was added, followed by the dropwise addition of oxalyl chloride (2.0 
mmol) into the round bottom flask. The reaction mixture was stirred for 2 hrs and the 
solvent and excess oxalyl chloride were removed in vacuo and dry dichloromethane (10 
ml) was added to the acid chloride in nitrogen atmosphere. Minimal amount of dry 
dichloromethane was added to a mixture containing the amine (1.5 mmol) and 
triethylamine (2.0 mmol) and the mixture was injected into the acid chloride. The mixture 
was allowed to stir for 1 hr at room temperature and after the reaction, the product was 
washed with water (2 x 10ml), 1M HCl (2 x 10ml) and 1M NaOH (2 x 10ml). The 
solvent was removed in vacuo to give the crude product and subjected to either 
recrystallization or flash column chromatography to afford the pure product. 
 
General procedure for hydrolysis using sodium hydroxide: 
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Solid NaOH (3.0 mmol) was dissolved in minimal amount of deionized water and was 
then added into the round bottom flask containing the ester (1.0 mmol) in dioxane (10 ml). 
The mixture was stirred at room temperature overnight and the solvent was then removed 
in vacuo. Water (20 ml), MeOH (20 ml) and solid KHSO4 (0.54 g, 4.0 mmol) was then 
added. The suspension was then filtered, washed and the residue obtained was dried to 
give the acid. 
 
Compound 12: 1H NMR (500 MHz, CDCl3):  10.90 (s, 1H), 8.74 (dd, 1H, Jd = 6.9 Hz, 
Jd = 2.7 Hz), 8.37 (s, 2H), 8.27 (d, 1H, J = 8.4 Hz), 7.90–7.95 (m, 3H), 7.82 (t, 1H, J = 
8.0 Hz), 7.66 (t, 1H, J = 7.6 Hz), 4.04 (s, 3H). 13C NMR (125 MHz, CDCl3):  165.40, 
163.27, 151.46, 148.69, 146.48, 146.38, 139.30, 137.81, 130.48, 129.97, 129.57, 128.48, 
127.69, 121.28, 118.63, 117.87, 52.99. HRMS-EI: calculated for [M]+ (C17H13N3O3): m/z 
307.0957, found: m/z 307.0958.        
 
Compound 5b: 1H NMR (500 MHz, DMSO-d6):  13.33 (s, 1H), 10.68 (s, 1H), 8.66 (d, 
1H, J = 8.9 Hz), 8.51 (d, 1H, J = 8.2 Hz), 8.29 (d, 2H, J = 8.9 Hz), 8.08–8.13 (m, 2H), 
7.91 (t, 1H, J = 7.3 Hz), 7.86 (d, 1H, J = 7.6 Hz), 7.77 (t, 1H, J = 7.4 Hz). 13C NMR (125 
MHz, DMSO-d6):  165.55, 162.33, 150.34, 148.40, 147.05, 145.75, 140.03, 138.67, 
130.94, 129.28, 129.26, 128.72, 128.11, 120.86, 118.35, 116.57. HRMS-ESI: calculated 
for [M+Na]+ (C16H11N3O323Na): m/z 316.0693, found: m/z 316.0696.        
 
Compound 13: 1H NMR (500 MHz, CDCl3):  10.80 (s, 1H), 10.46 (s, 1H), 8.71–8.76 
(m, 2H), 8.49 (d, 1H, J = 8.3 Hz), 8.39 (s, 2H), 8.09 (d, 1H, J = 6.2 Hz), 8.00 (t, 1H, J = 
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7.9 Hz), 7.91–7.94 (m, 3H), 7.82–7.85 (m, 1H), 7.66–7.70 (m, 1H), 4.07 (s, 3H). 13C 
NMR (125 MHz, CDCl3):  165.39, 163.26, 162.76, 151.48, 150.23, 148.65, 147.47, 
146.58, 146.23, 140.00, 139.43, 137.97, 130.40, 130.33, 129.67, 128.58, 127.70, 121.48, 
118.88, 118.70, 118.22, 117.63, 53.13. HRMS-EI: calculated for [M]+ (C23H17N5O4): m/z 
427.1281, found: m/z 427.1295.        
 
Compound 5c: 1H NMR (500 MHz, DMSO-d6):  13.37 (br, 1H), 11.21 (s, 1H), 10.72 (s, 
1H), 8.67 (d, 1H, J = 8.4 Hz), 8.58 (d, 1H, J = 8.3 Hz), 8.49 (d, 1H, J = 8.4 Hz), 8.29–
8.34 (m, 2H), 8.19 (t, 1H, J = 7.8 Hz), 8.14 (d, 1H, J = 8.0 Hz), 8.09 (t, 1H, J = 8.0 Hz), 
7.99 (d, 1H, J = 7.7 Hz), 7.95 (t, 1H, J = 7.5 Hz), 7.87 (d, 1H, J = 7.0 Hz), 7.78 (t, 1H, J 
= 7.3 Hz). 13C NMR (125 MHz, DMSO-d6):  165.67, 163.24, 162.34, 150.64, 149.98, 
149.01, 147.40, 147.23, 145.88, 140.56, 139.79, 138.46, 130.86, 129.37, 129.18, 128.65, 
128.16, 120.90, 118.73, 118.35, 117.40, 117.12. HRMS-EI: calculated for [M]+ 
(C22H15N5O4): m/z 413.1124, found: m/z 413.1133.        
 
Compound 14: 1H NMR (500 MHz, CDCl3):  10.92 (s, 1H), 10.48 (s, 1H), 10.42 (s, 
1H), 8.78 (d, 1H, J = 8.6 Hz), 8.73 (dd, 1H, Jd = 6.8 Hz, Jd = 2.8 Hz), 8.69 (d, 1H, J = 8.2 
Hz), 8.39 (s, 2H), 8.36 (d, 1H, J = 8.3 Hz), 7.90–8.13 (m, 7H), 7.63–7.72 (m, 2H), 3.63 (s, 
3H). 13C NMR (125 MHz, CDCl3):  165.22, 163.20, 162.72, 151.44, 150.27, 150.10, 
148.68, 147.56, 147.45, 146.47, 146.30, 140.06, 140.00, 139.37, 137.91, 130.31, 129.61, 
128.48, 127.64, 121.43, 118.93, 118.87, 118.71, 118.15, 117.86, 117.73, 52.76. HRMS-




5.4.3 Titration 1H NMR Spectra of Oligoamide 14 with Various Guests 




Figure 5.9 Expanded 1H NMR (500 MHz) (i) from 11.4 ppm to 7 ppm and (ii) 4 ppm to 
0 ppm of 14 (2 mM in CDCl3) with (a) 0.0 equiv., (b) 0.2 equiv., (c) 0.4 equiv., (d) 0.6 
equiv., (e) 0.8 equiv., (f) 1.0 equiv., (g) 1.5 equiv., (h) 2.0 equiv., (i) 3.0 equiv., (j) 4.0 





























Figure 5.10 Expanded 1H NMR (500 MHz) (i) from 11.4 ppm to 7 ppm and (ii) 4 ppm to 
0 ppm of 14 (2 mM in CDCl3) with (a) 0.0 equiv., (b) 0.2 equiv., (c) 0.4 equiv., (d) 0.6 
equiv., (e) 0.8 equiv., (f) 1.0 equiv., (g) 1.5 equiv., (h) 2.0 equiv., (i) 3.0 equiv., (j) 4.0 





























Figure 5.11 Expanded 1H NMR (500 MHz) (i) from 11.4 ppm to 7 ppm and (ii) 4 ppm to 
0 ppm of 14 (2 mM in CDCl3) with (a) 0.0 equiv., (b) 0.2 equiv., (c) 0.4 equiv., (d) 0.6 
equiv., (e) 0.8 equiv., (f) 1.0 equiv., (g) 1.5 equiv., (h) 2.0 equiv., (i) 3.0 equiv., (j) 4.0 






























Figure 5.12 Expanded 1H NMR (500 MHz) (i) from 11.4 ppm to 7 ppm and (ii) 4 ppm to 
0 ppm of 14 (2 mM in CDCl3) with (a) 0.0 equiv., (b) 0.2 equiv., (c) 0.4 equiv., (d) 0.6 
equiv., (e) 0.8 equiv., (f) 1.0 equiv., (g) 1.5 equiv., (h) 2.0 equiv., (i) 3.0 equiv., (j) 4.0 































Figure 5.13 Expanded 1H NMR (500 MHz) (i) from 11.4 ppm to 7 ppm and (ii) 4 ppm to 
0 ppm of 14 (2 mM in CDCl3) with (a) 0.0 equiv., (b) 0.2 equiv., (c) 0.4 equiv., (d) 0.6 
equiv., (e) 0.8 equiv., (f) 1.0 equiv., (g) 1.5 equiv., (h) 2.0 equiv., (i) 3.0 equiv., (j) 4.0 






























Figure 5.14 Expanded 1H NMR (500 MHz) (i) from 11.4 ppm to 7 ppm and (ii) 4 ppm to 
0 ppm of 14 (2 mM in CDCl3) with (a) 0.0 equiv., (b) 0.2 equiv., (c) 0.4 equiv., (d) 0.6 
equiv., (e) 0.8 equiv., (f) 1.0 equiv., (g) 1.5 equiv., (h) 2.0 equiv., (i) 3.0 equiv., (j) 4.0 
































Figure 5.15 Expanded 1H NMR (500 MHz) (i) from 11.4 ppm to 7 ppm and (ii) 4 ppm to 
0 ppm of 14 (2 mM in CDCl3) with (a) 0.0 equiv., (b) 0.2 equiv., (c) 0.4 equiv., (d) 0.6 
equiv., (e) 0.8 equiv., (f) 1.0 equiv., (g) 1.5 equiv., (h) 2.0 equiv., (i) 3.0 equiv., (j) 4.0 





























Figure 5.16 Expanded 1H NMR (500 MHz) (i) from 11.4 ppm to 7 ppm and (ii) 4 ppm to 
0 ppm of 14 (2 mM in CDCl3) with (a) 0.0 equiv., (b) 0.2 equiv., (c) 0.4 equiv., (d) 0.6 
equiv., (e) 0.8 equiv., (f) 1.0 equiv., (g) 1.5 equiv., (h) 2.0 equiv., (i) 3.0 equiv., (j) 4.0 





























Figure 5.17 Expanded 1H NMR (500 MHz) (i) from 11.4 ppm to 7 ppm and (ii) 4 ppm to 
0 ppm of 14 (2 mM in CDCl3) with (a) 0.0 equiv., (b) 0.2 equiv., (c) 0.4 equiv., (d) 0.6 
equiv., (e) 0.8 equiv., (f) 1.0 equiv., (g) 1.5 equiv., (h) 2.0 equiv., (i) 3.0 equiv., (j) 4.0 



























Figure 5.18 Expanded 1H NMR (500 MHz) (i) from 11.4 ppm to 7 ppm and (ii) 4 ppm to 
0 ppm of 14 (2 mM in CDCl3) with (a) 0.0 equiv., (b) 0.2 equiv., (c) 0.4 equiv., (d) 0.6 
equiv., (e) 0.8 equiv., (f) 1.0 equiv., (g) 1.5 equiv., (h) 2.0 equiv., (i) 3.0 equiv., (j) 4.0 




























Figure 5.19 Expanded 1H NMR (500 MHz) (i) from 11.4 ppm to 7 ppm and (ii) 4 ppm to 
0 ppm of 14 (2 mM in CDCl3) with (a) 0.0 equiv., (b) 0.2 equiv., (c) 0.4 equiv., (d) 0.6 
equiv., (e) 0.8 equiv., (f) 1.0 equiv., (g) 1.5 equiv., (h) 2.0 equiv., (i) 3.0 equiv., (j) 4.0 




























Figure 5.20 Expanded 1H NMR (500 MHz) (i) from 11.4 ppm to 7 ppm and (ii) 4 ppm to 
0 ppm of 14 (2 mM in CDCl3) with (a) 0.0 equiv., (b) 0.2 equiv., (c) 0.4 equiv., (d) 0.6 
equiv., (e) 0.8 equiv., (f) 1.0 equiv., (g) 1.5 equiv., (h) 2.0 equiv., (i) 3.0 equiv., (j) 4.0 




























Figure 5.21 Expanded 1H NMR (500 MHz) (i) from 11.4 ppm to 7 ppm and (ii) 4 ppm to 
0 ppm of 14 (2 mM in CDCl3) with (a) 0.0 equiv., (b) 0.2 equiv., (c) 0.4 equiv., (d) 0.6 
equiv., (e) 0.8 equiv., (f) 1.0 equiv., (g) 1.5 equiv., (h) 2.0 equiv., (i) 3.0 equiv., (j) 4.0 






























Figure 5.22 Expanded 1H NMR (500 MHz) (i) from 11.4 ppm to 7 ppm and (ii) 4 ppm to 
0 ppm of 14 (2 mM in CDCl3) with (a) 0.0 equiv., (b) 0.2 equiv., (c) 0.4 equiv., (d) 0.6 
equiv., (e) 0.8 equiv., (f) 1.0 equiv., (g) 1.5 equiv., (h) 2.0 equiv., (i) 3.0 equiv., (j) 4.0 
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Figure 5.23 Expanded 1H NMR (500 MHz) (i) from 11.4 ppm to 7 ppm and (ii) 4 ppm to 
0 ppm of 14 (2 mM in CDCl3) with (a) 0.0 equiv., (b) 0.2 equiv., (c) 0.4 equiv., (d) 0.6 
equiv., (e) 0.8 equiv., (f) 1.0 equiv., (g) 1.5 equiv., (h) 2.0 equiv., (i) 3.0 equiv., (j) 4.0 

































Figure 5.24 Expanded 1H NMR (500 MHz) (i) from 11.4 ppm to 7 ppm and (ii) 4 ppm to 
0 ppm of 14 (2 mM in CDCl3) with (a) 0.0 equiv., (b) 0.2 equiv., (c) 0.4 equiv., (d) 0.6 
equiv., (e) 0.8 equiv., (f) 1.0 equiv., (g) 1.5 equiv., (h) 2.0 equiv., (i) 3.0 equiv., (j) 4.0 
equiv. of di-n-octylammonium perchlorate. 
 


























Figure 5.25 High-resolution mass spectra showing 1:1 complex between 14 and a) 
Isopropylamine, b) octylamine, c) 1,8-diaminooctane, d) 2,2’-
(ethylenedioxyl)bis(ethylamine), e) Di-n-propylamine, f) Di-n-hexylamine, g) Di-n-




Figure 5.26 High-resolution mass spectra showing 1:1 complex between 14 and a) 
pyrrolidine, b) piperidine, c) triethylamine, d) diisopropylethylamine, e) 1-






















5.4.5 Ab Initio Molecular Modeling 
 All the calculations were carried out by utilizing the Gaussian 09158 program package. 
The geometry optimizations were performed at the density functional theory (DFT) level, 
and the Becke’s three parameter hybrid functional with the Lee-Yang-Parr correlation 
functional (B3LYP)159 method was employed to do the calculations. The 6-31G*160 basic 
from the Gaussian basis set library has been used in all the calculations. The harmonic 
vibrational frequencies and zero-point energy corrections were calculated at the same 
level of theory. Single point energy were obtained at the B3LYP level in conjuction with 




(1) Gong, W.-L.; Sears, K. J.; Alleman, J. E.; III, E. R. B. Environ. Toxicol. Chem. 
2004, 23, 239. 
(2) Takagai, Y.; Nojiri, Y.; Takase, T.; Hinze, W. L.; Butsugan, M.; Iarashi, S. 
Analyst 2010, 135, 1417. 
(3) Ong, W. Q.; Zhao, H.; Du, Z.; Yeh, J. Z. Y.; Ren, C.; Tan, L. Z. W.; Zhang, K.; 
Zeng, H. Chem. Commun. 2011, 47, 6416. 
(4) Ong, W. Q.; Zhao, H.; Fang, X.; Woen, S.; Zhou, F.; Yap, W.; Su, H.; Li, S. F. 
Y.; Zeng, H. Org. Lett. 2011, 13, 3194. 
(5) Zhao, H.; Ong, W. Q.; Fang, X.; Zhou, F.; Hii, M. N.; Li, S. F. Y.; Su, H.; Zeng, 
H. Org. Biomol. Chem. 2012, in press. 
(6) Yan, Y.; Qin, B.; Shu, Y.; Chen, X.; Yip, Y. K.; Zhang, D.; Su, H.; Zeng, H. Org. 
Lett. 2009, 11, 1201. 
(7) Qin, B.; Ren, C.; Ye, R.; Sun, C.; Chiad, K.; Chen, X.; Li, Z.; Xue, F.; Su, H.; 
162 
 
Chass, G. A.; Zeng, H. J. Am. Chem. Soc. 2010, 132, 9564. 
(8) Yan, Y.; Qin, B.; Ren, C.; Chen, X.; Yip, Y. K.; Ye, R.; Zhang, D.; Su, H.; Zeng, 
H. J. Am. Chem. Soc. 2010, 132, 5869. 
(9) Frisch, M. J. Gaussian 09; Gaussian, Inc: Wallingford CT, 2009. 
(10) Becke, A. D. J. Chem. Phys. 1993, 98, 5648. 





































1. Wei Qiang Ong, Huaiqing Zhao, Chang Sun, Ji’En Wu, Zicong Wong, Sam F. Y. Li, 
Yunhan Hong and Huaqiang Zeng*. Patterned Recognitions of Amines and 
Ammonium Ions by a Pyridine-Based Helical Oligoamide Host. Chem. Commun. 
Accepted. 
 
2. Huaiqing Zhao,† Wei Qiang Ong,† Feng Zhou, Xiao Fang, Xueyuan Chen, Sam Fong 
Yau Li, Haibin Su, Nam-Joon Cho and Huaqiang Zeng*. Chiral Crystallization of 
Aromatic Helical Foldamers via Complementaries in Shape and End Functionalities. 
Chem. Sci., 2012, 3, 2042. 
 
3. Huaiqing Zhao, Wei Qiang Ong, Xiao Fang, Feng Zhou, Meng Ni Hii, Sam Fong 
Yau Li, Haibin Su and Huaqiang Zeng*. Synthesis, Structural Investigation and 
Computational Modeling of Water-Binding Aquafoldamers. Org. Biomol. Chem. In 
press (Selected as HOT paper). 
 
4. Changliang Ren, Victor Maurizot, Huaiqing Zhao, Jie Shen, Feng Zhou, Wei Qiang 
Ong, Zhiyun Du, Kun Zhang, Haibin Su, and Huaqiang Zeng*. Five-fold-Symmetric 
Macrocyclic Aromatic Pentamers: High Affinity Cation Recognition, Ion-Pair 
Induced Columnar Stacking and Nanofibrillation. J. Am. Chem. Soc., 2011, 133, 
13930. 
 
5. Wei Qiang Ong, Huaiqing Zhao, Xiao Fang, Susanto Woen, Feng Zhou, Weiliang 
Yap, Haibin Su, Sam Fong Yau Li and Huaqiang Zeng*. Encapsulation of 
Conventional and Unconventional Water Dimers by Water-Binding Foldamers. Org. 
Lett., 2011, 13, 3194. 
 
6. Wei Qiang Ong, Huaiqing Zhao, Zhiyun Du, Jared Ze Yang Yeh, Changliang Ren, 
Leon Zhen Wei Tan, Kun Zhang and Huaiqiang Zeng*. Computational Prediction 
164 
 
and Experimental Verification of Pyridine-Based Helical Oligoamides Containing 
Four Repeating Units Per Helical Turn. Chem. Commun., 2011, 47, 6416. 
 
7. Bo Qin, Wei Qiang Ong, Ruijuan Ye, Zhiyun Du, Xiuying Chen, Yan Yan, Kun 
Zhang, Haibin Su and Huaqiang Zeng*. Highly Selective One-Pot Synthesis of H-
Bonded Pentagon-Shaped Circular Aromatic Pentamers. Chem. Commun., 2011, 47, 
5419. 
 
8. Bo Qin, Xiuying Chen, Xiao Fang, Yingying Shu, Yeow Kwan Yip, Yan Yan, Siyan 
Pan, Wei Qiang Ong, Changliang Ren, Haibin Su and Huaqiang Zeng*. 
Crystallographic Evidence of an Unusual, Pentagon-Shaped Folding Pattern in a 
Circular Aromatic Pentamer. Org. Lett., 2008, 10, 5127. 
 
 
 
 
 
 
 
 
 
 
 
